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PREFACE

This report describes the application of methods presented in Engineer
Technical Letter (ETL) "Energy Efficiency at Water Supply Pumping Stations'" to
the Washington, DC, and vicinity water system. Both the ETL and this report
were prepared under the Water System Operation, Maintenance and Rehabilitation
Work Unit (CWIS 31794) of the Water Supply and Conservation Research Program.
The technical monitors for this program in the Office, Chief of Engineers,
were Mr., James Ballif (DAEN-ECE-B) and Mr. Robert Daniel (DAEN-CWP-D).

The work was conducted at the US Army Engineer (USAE) Waterways Experi-
ment Station (WES), Vicksburg, Miss., and the University of Kentucky (UK),
Civil Engineering Department. The report was written by Dr. Lindell E.
Ormsbee, assistant professor of civil engineering at UK, working with WES
under an Intergovernmental Personnel Act agreement; Dr. Thomas M. Walski, a
research civil engineer with the Water Resources Engineering Group (WREG) of
the Environmental Engineering Division (EED), Environmental Laboratory (EL),
WES; and Messrs. Donald V, Chase and Wayne W. Sharp, UK students employed by
WES under the contract student program. Mr. Anthony C. Gibson of the WREG
assisted in field data collection.

Work done with the Washington Aqueduct Division (WAD) of the USAE Dis-
trict, Baltimore, was performed under the purview of Mr. Harry C. Ways, Chief,
WAD; Mr. Perry Costas, Assistant Chief, WAD; and Mr. Douglas B, Pickering,
Chief, Plant Operations Branch, WAD.

The report was reviewed by Mr. M. John Cullinane of the Water Supply and
Waste Treatment Group, EED, and Dr. Keith W. Little of the Research Triangle
Institute, Research Triangle Park, N. C. The report was edited by
Ms. Jessica S. Ruff of the WES Information Technology Laboratory.

The study was conducted under the supervision of Mr. F. Douglas
Shields, Jr., Acting Chief, WREG: Dr. Raymond L. Montgomery, Chief, EED; and
Dr. John Harrison, Chief, EL.

Commander and Director of WES was COL Dwayne G. Lee, CE. Technical

Director was Dr. Robert W. Whalin.

This report should be cited as follows:

Ormsbee, Lindell E., Walski, Thomas M., Chase, Donald V., and Sharp,
Wayne W. 1987. '"Techniques for Improving Energy Efficiency at Water
Supply Pumping Stations," Technical Report EL-87-16, US Army Engineer
Waterways Experiment Station, Vicksburg, Miss.
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CONVERSTON FACTORS, NON-ST T s1 (METR]
UNITS oF MEASUREMENT

Non-NT unfts of measurement used in this report can he converted to 1 imet-

ric) unfts as 'ollows:

Multiply By _ o vheatn
reet 0, $t1ad metres

gallons (U'S Tiquid) J.7KSA )Y cubte dec {metres
horsepower (550 foot-pounds 745,094 watts

‘torce) per second)

inches 254 centimetres

miles (U'S statute) 1.000347 Filometres

pounds (force) per square inch 6.894757 kilopascals
4
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TECHNIQUES FOR IMPROVING ENERGCY EFFICIENCY AT WATER
SUPPLY PUMPING STATIONS

PART 1: INTRODUCTION

Background

Signiticant changes in the cost and availabilitv of erergv in the
‘nited States have made energy management an Iimportant prioritv. Almost
percent of the electricity consumed {n the U'nited States i1s used bv munici-
pal water utilities (Brailey and Jacobs 1980), In conventional surface water

svstems, pumping mav comprise up to Y0 percent of the total energv budget., In

grovnd-water svstems where there i{s no treatment other than chlorination,

pumping mav account for more than 95 percent of the energv requirement (Reheis

and tritfin !984). From these percentages, 1t i1s clear that the major effort

fn energv conservation programs for water systems should be spent on improving

pumping operation etficiencv.

i

In recent vears, several authors have shown that significant energy

savings can be obtained bv improving the operation policles assoclated with

treated water pump svstems (Trainer and Clopton 1976, lizardos and Amato 1978,

and Retd 1980), Attempts to improve pump operation efficiency mav focus on

three different nperation problems: 1inefficient pumps, inefficient pump com-

binatinns, and {nefficient pump scheduling. Each problem is discussed 1in

detail {n the fnllowing paragraphs.

}. For single-pump operation, improved efficiency mav be obtained by

reduction of the pumping head, reduction of the volume of water pumped, or an

fncrease {n the pumping efficiencv (Patton and Horsly 1980), 1In order to

evaluate the efficiency of an existing pump audits driver, the pump unit must

normally be field tested (Gros 1976), An evaluation of the energyv consumption

and performance of a pump can also provide valuable information on 1its general

condition., From this information, a rational decision can be made on the

cost-effectiveness of repairing or replacing a low-efficiency pump (Aldworth

14R3), Hodnik and Frye (1983) provided some methods for identifving ineffi-

cient pumps and incorporating efficiencv into pump selection.

4. In addition to evaluating the efficiency of individual pumps, it is

also important to evaluate the efficiency of multiple-pump combinations. For



v—-‘—-'--'—‘—v—'—y—v--T

pumping stations with multiple pumps, energv savings may be identified bv
examination of the overall efficiencles associated with operation of different
combinations of pumps. Although different combinations of similar pumps mav
deliver the same approximate flow rate for a given head, some combinations mav
be less costlwv because of differences in pump efficlencies. In some cases,
the efficiencv of a pump when running alone can be significantlv different
than when {t runs in conjuction with other pumps. Since the majoritv of water
plants do not have written guidelines for operators to follow for obtaining
optimal performance from their pumps ({i.e., least-cost energy), pump selection
at any time mav be inefficient in terms of energy usage even though the opera-
tor's selection of pumps meets the flow and pressure demands (Reheis and
Griffin 1984),

5. Although the evaluation of pump efficlencies may lead to a reduction
in total energyv usage charges, the reduction of time-of-day energy charges
requires a modification of operation procedures over time (Chao 1979,
Lackowitz and Petretti 1983). Real-time operation of a pumping system
involves two different decision-making processes: development of an operating
rule curve (tank level versus time of day) and implementation of the rule
curve. For pumping systems that operate under essentially constant condi-
tions, the rule curve may remain the same from day to day. For systems whose
conditions vary greatly from day to day, the rule curve may have to be updated
daily or even hourly (Shamir 1985).

6. Clingenpeel (1983) described the results of some studies to reduce
energy consumption by taking advantage of off-peak power rates. Brunzell
(1983) described how storage could be used to take advantage of electric rates
and reduce demand charges.

7. Procedures for generating operation rule curves have been developed
by DeMoyer and Horwitz (1975), Sterling and Coulbeck (1975a, b), and Sabet and
Helweg (1985). The majority of these procedures were based on dynamic pro-
gramming and were developed for relatively small, single-reservoir systems.
Attempts at developing rule curves for more complex systems have been pre-
sented by Donachie et al. (1976), Damelin and Shamir (1976), Carpentier and
Cohen (1984), and Shauir (1985).
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Purpose 3
8. Although several authors have addressed individual aspects of pump o
cperation efficiencv, there remains a need for a comprehensive methodologv for -i;i
use In evaluating and improving the overall operating efficiencies of treated ii{:
water pumping svstems. The purpose of this study is to provide such a method- f;j;;;
ologv. As part of this program, the District of Columbia (DC) and vicintity . -
water svstem was selected for use as a case studv for the application of the ?;;{w
developed methodologv. -;}?}
9. The proposed methodology has been divided Into three basic compo- j}:;;
nents. The first component concerns the field testing and evaluation of {ndi- ‘?715
vidual pump units. A review of fundamental concepts of pumping svstem design . i
and operation {s provided 1n Enclosure ! of Appendix A. A discussion of the 'fiﬁ
influence of changes in operating conditions on the system head curve is pro- &5;;'
vided in Appendix B. Guidelines for pump field tests are provided in Enclo- .’;':‘"

sure 2 of Appendix A. A summary of the results of field tests for the two

major pumping stations of the DC and vicinityv system 1is provided in Appen-
dixes C and D.

10. The second component of the methodology concerns the determination
of optimal pump combinations for specified operating conditions. Guidelines

for determining the optimal combinations are provided in Enclosure 3 of Appen-

dix A. A computer program developed for use in determining the optimal combi- ;;f}'
nations is described in Appendix E. B
11, The third component concerns the determination of an optimal oper-

ating policv for each pumping station for a given set of operating conditions.

This 1s accomplished using a sophisticated computer program based on dynamic N
programming. A detailed description of the program is given in Appendix F. A ,
csummarv of the theoretical basis for the program 1s provided in Enclosure 4 of

Appendix A.

Overview

' Te investigate the feasibility of the proposed optimal pump opera- ‘;ff

tion methodology for a large, real system, the methodology was applied to the -j:y
M oand vicinity water distribution system. Part TI of this report presents a y.ma
summarv of the general characteristics of the DC system. Part 111 presents a f;{:
..:',:'
7 e
Ll
"‘-l
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Q.\'_
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summary of the results of the pump field test for both the Dalecarlia and

Brvant Street pumpling stations. Part IV presents a summarv of the proposed

optimal pump methodologv. Part V presents the results of the applications of

3

the methodologyv to the second and third high-pressure rcnes of the '’ svstem,

Studv recommendations and conclusions are presented in Part VI,
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a given location {s near the upper or lower houndarw o! the <ervice

A map of the different service areas (pressure rones) s provided in

. A profile of the distribution svstem {s shown 1n Uigure .

* A table of factors for converting non-SI units of measurement tn ST (met-
ric) units is presented on page 4.
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Ih, The low-service area, which Includes the Federy!  otriot, 1o ror-
mallv supplied bv gravitv from the MeMiilan treatrent plare TensnTe e opy-
mented by boester pumps trom the Dalecarlia pumping statior dhen rognire: oo

demand. The Rrvant Street pumping statfon fx o ls0 capadle o0 gmpies ot e

low=-service area. ow-service wiater also <upplies Tower oo gt ime oyt

the Apacestia River and provides nomp wustior tor ihe Are oty e A
ing staticn, From this station, wirter §0 Térend rooprie 3 A EENL I S
second hlgh-service areas, vt t - he cor ot wies the o rar o N

service areas to the west o0 the Ynicastiy o sicer

P The Jirer, second, and rhird ciphogercio g R ’
vressivelv increasine cround elec it S west 0 e Ay L et
.
AdCh pifed “rom hoth plants throoasdh the e ar iy o e e [ SRR
f;;_ stations arnd hich-<ervice recer. v, MAETENAEETEE e AL R e S VR
' the highest elevatirone {n the northwest <ecti o o T o T EEE N
Trom o the third Pigh-ger-ile sren dnt s twe elevate ! tooarth o gare o tgeaa T e
Yort Renn.,
- TX, tnoadditior o serving v rbe ostem Sunriles Witer To Setwery
Q: . cities 1n Virvinia, Arlinetor is supplied trom the b ird v oprrdo e,

and Falls (hurch {s wupplied 'rom the second “ioh-<er.i. e arei ar rle
Nalecariia pumpipy station. ‘tederal huildings and re-ervcarione o T drpieig,

such as the Tentagon and Wa<h ingran Natinal Adrpert, are supnifed thron? rhe

FOWM avatem, which is tied into the Tirst high-prescure oore it se. -ridee, 3
schematic of the svsterm i{s provided as Flenre <
19, With respect to the totil sveter, the " glecarlia ar. breant tree!

pumping stations nperate {rn paraile:. T“he additional bocsrer pamps {0 the
svstem act In series with reospect te the Hrvant =treet and D1 ecarlia st
tions. Jecanuse of this, and due t» the magnftude ' rlows pumred Vot oue twie
stations, onlv the Dalecarlia and Broant Street pumping <tati rs were oo in
applving the proposed optimal operation methodologe, s a resuit, 1. tte
maln svstem west of the Anacostia Kiver and north of rthe Paromac wias conatds

ered. The pump aperation studv was thue lmited to the low-ser foe and i

second, and third high-service areas. “he tourth high-service 1rer was
included as a water user in the third high-<ervice area, while the portior v
NC east of the Anacostia River was considered to he 1 nser in the low-service
area. In additior, Arlington was included as a demand to the third

high-gervice area, Falls Church was {ncluded as a demand to the <se.nnd




T T e N T N T Y T T R R Y T R T O T W T Y R R U WY T U R WY gy

GEORGETOWN RESERVOIR MCMILLAN
cecescememmvocmecsanaann R T RESERVOIR

Ej
— j—a

aTw | M
HIGH |

OR

j-
In
o2
r°©

@
B

3RO
HIGH

—

r )
v | 2ND (TS S
N HIGH | HIGH |
ISHI l I.
/7

DALECARL 14
RESERVOIR

F 18T
H HiIGH

s D -——-——--—--——--—-’,
- N \\\ LOW
. '—”—"—"—"-*"_"-"SERWCE J W

N\ POTOMAC RIVER \|

et P
— T
] oalus | |ARLING. w
| » B | TON coO |L——D | FOwWM '

N
R’

|
|

ANACOSTIA RIVER

_QE__;L

h

ana- |
] COSTIA §

-

;//
—+

1

I I I
LEGEND
O BOME S TATIONS l l STORAGE RESERVOIHS
SALFCARDA OR OLD RENO SH SOLDIERS HOME

" e AT STHEE T NR NEW RENO BW BRENTWOOD
“ EERNTE VN VAN NESS MC - MCMILLANCLEARWELL
By ANALTNTIA (X2} FOX HALL 919 DALECARLIA CLEARWELL

S AW NATEH L INE -_— — (W SERVICE — SECOND HIGH

—— e F1RST ML - — THIRD HIGH

Figure 3. Schematic of DC system




-

P N

.‘ A--.
Pl LS AL

- g

e
. 8

v

2

Py
Pt ]
L

-.-.
¢
L I

]

FAAFAAMY

’

a8

A

-

PR
-~

RN
L I S

- «

»

"
L)
"
L)
L]
=
L}
(
-
-
.

>
.

high-service area, and the FOWM was included as a demand to the first high-

service area.

Pipe Distribution Facilities

20. The distribution system consists of about 1,286 miles of water
mains ranging from 2 to 78 in. in diameter. In addition, the Federal Govern-
ment maintains and operates 12.3 miles of transmission mains within DC, which
deliver water to the first, second, and third high-service area reservoirs.
The water distribution system has approximately 18,500 valves, 8,800 fire
hydrants, and 132,000 services.

Distribution Storage Facilities

21. Storage facilities in the modeled system (low-service and first,
second, and third high-service areas) are either ground-level reservoirs or
elevated steel tanks that are connected directly to the distribution system.
Storage is designed to equalize pressure during periods of heavy consumption
and to equalize pumping power loads. All distribution system reservoirs are
constructed of reinforced concrete and are covered entirely. Including the
clearwell storage, the modeled system has a total available storage of
127.7 million gallons. Elevations and capacities of the distribution storage
facilities considered in this study are indicated in Table 1. Capacities of

the storage facilities in the adjacent areas are indicated in Table 2.

Pumping Station Characteristics

22. The DC water distribution system contains four treated water pump-
ing stations. The Dalecarlia pumping station is located at the Dalecarlia
water treatment plant and is operated by the WAD. The total rated capacity of
the Dalecarlia station is 477 million gallons per day (mgd). The Bryant
Street, Anacostia, and Reno stations are located at various points in the
system and are operated by the Department of Environmental Services. The
total rated capacities of these three stations are 310, 157, and 22 mgd,

respectively. Because the rated capacities of Anacostia and Reno are much

14

s




N, T 3 M R N W T T Xy Y Y T P O O Y T P o W (P I I W W VU WY vl wrww
N h
~
o
g}
" l
]
3
\l
Iy Table 1
N
o Reservoir Characteristics
;i Max. Min.
N Service Area Jurisdiction Location Capacity* Elev, Elev,
f:} Low DC WRMA Brentwood Park 25.0 172 135
\ WAD North McMillan 12.9 159 135
X (clearwells) South McMillan 20.3 159 135
’.3 Subtotal 33.2
o
3 First high WAD Foxhall Rd. NW 14.5 250 233
s DC WRMA Soldiers Home 15.0 250 233
Subtotal 29.5
> Second high WAD 44th and Van Ness 14.6 335 318
e Third high WAD New Reno NW 20.0 424 406
o DC WRMA 0ld Reno NW 5.4 424 406
Subtotal 25.4
08 Total 127.7
o
! \:_
;* * In millions of gallons.
1
Y
Vo
o
b Table 2
g
W Supplemental Reservoir Storage
"+
.;j Service Area Capacity*
i?j Fourth high 0.24
3 f,:-’
‘d Anacostia first high 13.0
e Anacostia second high 2.5
f:i Falls Church 14.0
l. .:1:
Jaa Arlington 32.0
-".l.'
o FOWM 0.0
.'.l'
[ Total 61.74
20
o
..‘h‘,' .
i * In millions of gallons.
\'::
o
"'1:.:- 15
N
<
lr::v
VAP
:z_:.a
‘-l’v'-'-' B T R P A Pa e P s Sy 0 T T e A I S “"."' NPT RN h'-‘- <. - .‘f’ PR "
747 -’Af.’x’ o Il AT f ' ’x:-’ ":- . ::-*:"*-f e ”‘?“’f? Sy




LA Sl "Gl Sk A A Y B A e A SNa dte Sie die S SRe Ale Suy-Ake She- 4 -vﬂv'v‘r--w

smaller than Dalecarlia and Bryant Street, only Dalecarlia and Bryant Street
pumping stations were analyzed in this study.

Dalecarlia pumping station

23. The present Dalecarlia pumping station, which was completed in
1958, consists of an underground reinforced concrete substructure, with a
headhouse and electric substations aboveground. The underground portion is
205 ft long, 101 ft wide, and 47 ft deep, or approximately the depth of a
four-story building. The station contains 15 Worthington, Inc., vertical~
shaft centrifugal pumps, each of which is connected to a 4,000-V, 60-cycle,
three-phase, water-cooled synchronous electrical motor. The pumps have a com-
bined capacity of 477 mgd. All pumping units are designed to run safely in
reverse rotation, in case of power failure, at maximum runaway speed, for
5 min under heads equal to the rated heads. Each pump is equipped with a cone
valve for surge protection during start~up and shutdown. In addition, a but-
terfly valve that is located downstream may be used to throttle the pumps.
Three 8- by 8-ft finished-water suction conduits supply the pumps. These con-
duits draw water from the 14.5- and 30-million gallon clearwater basins
located immediately north of the pumping station.

24, The station is completely air-conditioned to provide dehumidifica-
tion and temperature control. The control center includes a supervisory
switchboard for operation control of all major pumping units and auxiliary
equipment contained in the station. It also provides for remote control of a
325~-mgd raw-water booster pumping station including all major pumping units
and auxiliary equipment installed in the raw-water supply intake works and
pumping station at Little Falls., Water from the Dalecarlia pumping station is
supplied to the low-service area and the first three high-service areas. All
15 pumps 1in the Dalecarlia station were manufactured by Worthington, Inc., and
are driven by synchronous motors., Pump service areas and capacities are

listed in Table 3.

)

Bryant Street pumping station

25. The Bryant Street pumping station is located on the north side of
Bryant Street between 2nd and 4th Streets, NW, and south of the McMillan
reservoir. The station is operated to maintain pr.determined minimum pres-
sures on {ts pumped services. Suction is from 78-, 60-, and 48-in. connec-~
tions from the McMillan clearwater basins. The maximum elevation of the

McMillan clearwell is 159 f¢t.

16
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K- Table 3
A
0 Dalecarlia Pumping Station Data
;?f Head Pump
-0 Pump Serial No, Model Service Area mgd rpm ft hp
i 1 1461376 30-MC-01-VRT  Low 50 S14 50 500
. 2 1461375 30-MC-01-VRT Low 50 514 50 500
‘ 3 1461374 30-MC-01~VRT Low 50 S14 50 500
:: 4 1461379 26-NA-43-VRT First high 35 600 145 1,000
;;\ ) 1461378 26=-NA-43-VRT First high 35 600 4 1,000
e 1461377 26-NA-43-VRT First high 35 ANO 145 1,000
59
7 1461382 18-NA~33-VRT second high 20 900 220 Uhh
X 3 [461381 18-NA-33-VRT Second high 20 9n0 220 Bhh
e 9 1461380 18-NA-33-VRT Second high 0 900 220 R66
'iz 10 1461385 24-NA-38-VRT Third high 27 900 300 1,590
. 11 1461384 24=NA-3R-VRT Third high 27 900 300 1,590
° 12 1461383 24-NA-38-VRT Third high 27 900 300 1,590
h 13 1507034 J4-NA-38-VRT Third high 27 a00 300 1,590
o~ 14 150703 24-NA-38-VRT Third high 27 900 300 1,590
Lo 15 1461386 24-NA-3B-VRT Third high 27 900 300 1,590
L2
'.F-',
‘
""
o 2k, The Brvant Street Station was completelv rehabilitated as of 1954,
- ‘-l
uj- Pumps are protected from reversal on power failure bv automatic closure of
;) cone valves. [Inlike the valves at Dalecarlia, these valves cannot be set at

.

intermediate settings and must either be open or closed. The control panels

o include switchbhoards, flow and pressure recorders on pump discharge lines and
-i}_ nearhv low-service trunk mains, and a piping diagram with position-indicating
iti. sf{gnals and controls for remote operation of important valves. Pump services
o and capacities for the Brvant Street pumping station are given in Table 4.

v,

.
a'sa

Pumps !-10 were manufactured by Worthington, Inc., while Pumps Il and 12 were

manufactured bv Allis Chalmers. Pumps !-10 operate In parallel; Pumps !l and

!. operate in series,.

RN
oo

™
n

.

= Water Demand Schedule

g T The average water consumption hv service areas of DO for fiscal vear
: 19R5 {s given 1n Table 5. The average svstem demand for each pressure zone

-.' i"

RS tends to varv depending upon the <eason and the dav of the week. 7o
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Table 4

Bryant Street Pumping Station Data

Head Pump

Pump Serial No. Model Service Area mgd rpm ft hp
1 1346785 26-NA-43-VRT First high 35 514 110 800
2 1346786 26-NA=-43-VRT First high 35 S14 110 800
3 134R7RY 26-NA-43-VRT First high 35 514 110 800
4 1346781 30-MC-01=-VRT Low 35 514 4 325
5 L34hp780 10-MC-01-VRT Low 35 514 45 325
h 1346753 30-MC-01-VRT Low 35 34 45 325
B 1346787 JA=NA-38-VRT Second high 25 S0 RERY I, 100
) I 14ATRX 24-NA-38-VRT Second high 25 S0 S10 1,100
R LishTmuy FR-NA-37-VRT Third high 19 Yo o 1,000

e PRI TRoNA-3T-URT Third high 15 ot Lo 1,000
I i size 0 < 18 Third high 20 ! R 37
. 3SR Size 0 - 18 Third high 20 To0 59 325

i!'lustrate the impact of these factors on the dailv average svstem demand, the

demands for each service area for four difrerent davs in

Tahle 6,

weekend), 8 June (summer, weekend), and !! June (summer, weekdav).

1986

The selected davs were 20 March (winter, weekdav),

are shown 1in

29 March (winter,

service area, daillv demand patterns mav varv considerably from dav to dav.

a result, a single representative demand pattern could not be obtained.

Flectric Rate Schedule

For each

As

28. All pumping stations receive their power from the Potomac Electric

Power Company.

The general electric rate schedule is provided as Appendix G.




Table 5

Water Consumption, Fiscal Year 1985

Service Area

low fincluding Anacostia)

First high (including FOWM)

Second high (including Falls Church)

Third high (including Fourth High and Arlington)

Total
; A
BN
Artineron

YAl urch

Average Demand

Lol A
[o NNV IRV
P

Pl
[3%]

72.5

39.8
64.6
215.6

D Wt

W

Typical Demands,

Table 6

1986

Water Use

o ”~ ey ‘MQQLiu‘_H;judeﬁim

Service Area Date mgd
low (20 March 1986) 100
(29 March 1986) 73

(8 June 1986) 118

(11 June 1986) 116

First high (20 March 1986) 36
(29 March 1986) 33

(8 June 1986) 41

(11 June 1986) 53

Second high (20 March 1986) 38
(29 March 1986) 40

(8 June 1986) 52

(11 June 1986) 50

Third high (20 March 1986) 51
(29 March 1986) 54

(8 June 1986) 65

(11 June 1986) 69

Total (20 March 1986) 225
(29 March 1986) 200

(8 June 1986) 276

(11 June 1986) 288

19
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PART III: PUMP FIELD TEST RESULTS

29, Before the general methodology was applied to the DC and vicinity
distribution system, each pump within the Dalecarlia and Bryant Street pumping
stations was first field tested. The guldelines for the field tests are pro-
vided in Enclosure 2 of Appendix A. The following paragraphs present the

results of those tests,

Dalecarlia Pumping Station

30, The pumps at the Dalecarlia station were field tested on 30 and
31 September 1985. At the time of the tests, Pumps 13 and l4 were out of ser-
vice and were not tested. In addition to tests of the individual pumps, mea-
surements were made where several multiple-pump combinations were operating.

31. Where possible, each pump was tested individually. The test was
begun bv first running the pump with the discharge line closed in order to
determine the shutoff head. The valve in the discharge line was then opened
partially and pressure, flow, and power readings were obtained. This process
was continued untill the valve was completely opened. Before each reading,
time was allowed for the flow and head to reach steady~state conditions.
After the valve was completely opened, it was slowly closed in incremental
steps, and another set of readings was obtained.

32. Pressure readings were obtained using a calibrated Bordon tube
pressure gage that was connected to the discharge line of the pump, The suc-
tion head was calculated using the elevation of the center line of the pump
and the clearwell elevation. For the Dalecarlia station, the clearwell is
above the pump center line which, coupled with short, large suction lines,
results in a positive suction head. The center-line elevation of the dis-
charge lines of each pump is 106 ft. During the field tests the clearwell
elevation varied between 134 and 135 ft.

33. Power and flow readings were obtained using the instrumentation in
the control room. The flow meters were calibrated on 18 October 1985, All
flow meters were found to be within acceptable limits, with the exception of
the meter on the third high-service area, which was found to be 16.9 percent

high at the 35-mgd rate. As a result, flow readings for the pumps on the

20
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third high-service system were adjusted accordingly. The results of the field
tests for each pump are provided in Appendix C.

34, After the field data were collected for each pump, the results were
compared with the most recent pump curves avallable from the manufacturer.
According to available records, these curves were developed in 1959. Compari-
sons of the percent differences between measured and manufacturer's values of
flow rate and power as a function of pump head are given for each pump in Fig-~
ure 4. As shown, the percent differences for the power readings are generally
much smaller than the flow rate readings. The reason for the much larger
deviation in the pump head versus flow rate curves can be explained in terms
of changes in the pump characteristics over time or in terms of measurement
errors. Since the pump head versus power curves matched very well, it was
concluded that the deviations were due to measurement error.

35. To determine the possible cause of this apparent error, a careful
review of the data was performed. Based on this examination it was concluded
that the measured flow rates were the most likely source of the error. This
conclusion was based on the accuracy of the measuring equipment. While the
pressure and horsepower measurements were obtained directly from power and
pressure gages, the flow rate readings were obtained from circular pen charts.
The range of measurement error was thus much greater for the flow rate mea-
surements than for the power and pressure measurements.

36. Since the measured flow rates were concluded to be in error, wire-
to-water efficiencies based on the measured data could not be determined.
However, since the measured pump head versus power curves showed such a good
correlation with the manufacturer's pump head versus power curves, and since
this relationship is a function of flow rate, it was concluded that the actual
wire-to-water efficiencies were most likely very close to the original manu-
facturer's values. As a result, all wire-to-water efficiencies were obtained
using the measured values of pump head and the original manufacturer's effi-

ciency curves.

37. In addition to testing the efficiency of each pump under conditions

4

9
NN
$:js of single-pump operation, the efficlency of each pump while operating in com-
. T
¢::: bination with other pumps was also determined. The maximum observed effi-
-
e cliency for each pump for different pump combinations is illustrated in

Table 7.
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g Table 7
"n'.‘ Observed Wire-to-Water Efficiencies for Multiple-Pump Combinations,

-
Dalecarlia Pumping Station

..

o
- Pump Number of Pumps Operating
"'.\" No. 1 2 3
e AL —
Jae 1 0.84 0.75 -
{

s . 2 0.82 0.74 -

LR
> 3 0.84 - -
‘p.“';

[~ " 0.84 0.85 -

L0y 3 0.87 - -
" o] 0,85 0.85 -
--\J
T B 0.70 0.84 -
Ry 8 0.82 0.85 -
e a 0.82 0.85 -
T, 10 0,85 0. 86 0.85
o
b2 - b 0.85 0.86 0.84
& . 0,85 0.85 0.85
A i3 - - -
{

o La 0,89 0.84 0.85
RN
f:'f:'
l...,.‘
A
T v, The pumpe at Hrvant Street station were not equipped with valves on

:r:;:: the disctarge lines that could he throttled in incremental steps. Instead,
AT,

d thie pump wae =tarted np wirh the cane valve cleosed. Pressure, flow, and power
'-‘rl
LR read{pys were then ohtained as the valve was opened. (Civen the resulting
J-.'.-

i-.':- trarsient f1ow situation, onlv the readings with the pump closed and the pump

:,.,. fally orered can te accredited with anv relfab{licty.

@ +. Pressuve readinge at the Brvant Street station were obtained in the
% v

X same manner 1as at the Dalecarlia station. As before, the suction head was

:j: nbtaired nsing the clearwell elevations and center line of the pumps. VFor the
{‘_ ‘ 8rvant “treet station, the center-line elevation of the pumps was 118 ft,

- During the tests the clearwell elevation varied between 155 and 157 ft. Tran-
&::. slent flow readings were obtained using pressure transducer instrumentation.
A
N
P
:.r:: 23
.fl L}
0e
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Steadv-state readings from the pressure transducer were augmented with the
readings from the control room instrumentation.

41, Unlike the Dalecarlia station, the Bryant Street staticn pumps are
driven with squirrel cage induction motors. As a result, the instrumentation
in the control room did not provide power readings in kilowatts directly.
Instead, instrumentation was provided for power in kvars and current in amps.
However, using this information and the voltage drop across the pumps, the
resulting kilowatt power can be determined (see Appendix A). For the Brvant
Street station, the voltage drop across the pumps is equal to 2.3 kV. The
pump field test results for the Bryant Street station are given in Appendix D.

42. As before, after the field tests were completed, the results were
compared with the data obtained from manufacturers' pump curves. Percent dif-
ferences were obtained for different values of wire-to-water efficiencv. For
the Brvant Street station, only three manufacturers' pump curves could be
obtained (i.e., for Pumps A, 7, and 8). As a result, wire-to-water efficiency
compariscons could be obtained for onlv these pumps.

43, As with the Nalecarlia station, several multiple-pump combination

tests were also conducted. The results of these tests are shtown in Table 8.

Table 8

Observed Wire-to-Water rfficiencies for Multiple~Pump Combinations,

Prvant Street Pumping Staticn

Pump Nunber of Pumps Operating

No. L 2 3 :
l - 0.76 - ;
2 0.76 0.66 - 3
3 0.73 0.77 - 3
4 0.3 0.54 -
5 0. 84 0.52 - R
6 0.88 - - 1
7 0.80 ~ - b
8 - ] :
9 0.76 - - *3
1o 0.85 b
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[
t 44, In general, all tie pumps in the Dalecarlia station appear to be
2: operating near their peak efficiencies. These results are somewhat clouded,
_i: however, due to accuracyv problems encountered in measuring flow rate. Since
dg the pump head and power readings are accurate, the pump efficiencv readings
f__ obtained are at least consistent. In general, increasing the number of pumps
ﬂj% operating in parallel does not seriously affect the peak pump efficiencies of
i?i the individual pumps. This indicates that the pumps were correctly selected.
t%: 45. The field test results for the Bryant Street pumping station are
probably less accurate than the results obtained for the Dalecarlia station.
(f? This loss of accuracy resulted in part from the inability to obtain multiple
ii;: readings by throttling the pumps. In addition, four parameters had to be
j:i: measured for each pump at Brvant Street while only three parameters had to be
‘ measured for the Dalecarlia pumps. Although manufacturers' pump curves were
f?} obtained for all the Dalecarlia pumps, curves were available for only three
5ii pumps in the Brvant Street station. As a result, an evaluation of the effect
\ﬁ§ of pump wear on the Bryant Street pumps was greatly limited.
‘T . 46, In general, the majority of the Bryant Street pumps appeared to be
’{i: operating at reasonably efficient levels (although lower than Dalecarlia).
3&: Two excepti-ns to this trend were Pumps 4 and 8, which were operating at much
};; lower efficlency levels. It should be noted, however, that only two measure-

ments were obtained for these pumps and, in both cases, these readings were at

extremes in their operating range.
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PART IV:  OPTIMAL PUMP OpFRAT OGN o0 D]
47, This part presents a surrmarv of a methodology o
optimal pump operation policy far a given distrihution svar
policy for a pump station is a set of rules or puidelines ¢
a particular pump or group of pumps should be turned on ard
specified perind of tire., Me optimal pump operation poli-
tnat schedulie ~f pump operations thrat will result {r the o
ing cost for a esilven set of operating conditions,
48, For svstems whose hedranlics are lominated Yooe!
nurp cperation will he directiv related to the water ‘eve
tank. As a result, anv optimal pump operatiry colfey will

resnciated cptimal tank traiecteory,  he aptimal tank trate

that indi ates the optimal tank level at a given tire Jurinyg

ating periced.

L9, The optimal pump nperation problem car re subdi-

problems. The first probler involves determinina the ontir

required teo produce a specified tank transition., This prob

tne "optima. pump combinaticn prohlem.” The second problem
mining the nptimal tark trajectorv over a specified perind

1

set of cperating conditions. This prohlem will he defined

operation prohlem." Tcgether, hoth prohlers constitute the
ation prohlem., Solution methodologies for all three nrehie

the fo’lowing sections,

Optimal Pump fombination Ernngi

3%, The optimal pump comtination nrohler mas he wnl

solution methodnlngy, Fach step reanires the appiication o

nuter program, as chown in Vigure 5. The tiret wrtep prody
thar are nced in the second stepr. The final <tep proddueves
mmn o comhination, A discussion of each tep Is procided {n
sectinns,

“evelnpment 0! pump operatiorn curves

L Sed Stk san ant Aan aas dhe-

r determining the
er., Yo operation
bat frdi-ates when
froaver g

voie terdned as

wWes?otctal o cTeriat-

evat-td <r rage, the

ctors ik o3 ocurve

ided into twn suh-
3! pomp o combination

Tem will bYe detfined
inve.ves deter-

ot time for a glver
the "optimal tank

ant{mal pump oper-

ms are discus<ed in

ved vaing 5 rwo-stern

a2 MY erent -
.- v o rripa
23 3 <Se Il SnrUe s

. L . s
the le . ired opti-a

the o llnwire

T The first step involves the developTent o 1 et ot pamp o pperatioe
urves tar eqct posasthle puop o corbination., Trecn corvies o he onat et et
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Figure 5. Optimal pump combination flowchart
;lj using the results obtained from the application of a network analysis program
S .
- t~> a mode! of the distribution svstem for a wide range of operating condi-
tirns,  tuidelfnes for the construction of the curves are provided in Enclo-
{{1 sure 5 Y Appendix A, Two groups of operating curves are required. The first
o Zr up of aperation curves are called tank levels versus flow rate (TLF) curves
o "see  {goure A, Normallv, three different curves are required for each pump
.-
i ’ cambi{ratfon,  Fer a given pump combination and average tank level, these
S “urves ~an he used to determine the flow supplied bv each pump combination
R ver a speciffed time interval, The second group of curves are called tank
tevel versus unit cost (TILC) curves (see Figure 7). As with the TLF curves,
three tifferent curves are required for each different pump combination.

cetermipation of
cptimal pumrs combinations

For a given pump combination and average tank level, the pump oper-
atinrn curves can he used to determine the operating cost associated with a

particular pump combination. To determine the optimal pump operating policy

‘or a4 given pumping station, manv possibie pump combinations must be examined

tor a wide range of aperating conditions. The TLF and TLC curves provide a

admn
lre!

itied wav for approximating the hvdraulics and operating costs of a par-

ticniar pump comhbination without resorting to a complete hydraulic and eco-

AT nomic analvsis,

. "3, The optimal pump combination for a particular operating condition
_ car he determined hv applving an optimal pump combination program (PCP) devel-
;;:’ oped especifallw for this purpose. A description of the program is given 1in
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Appendix E., A discussion of the theory behind the program is given in Enclo~

sure 3 of Appendix A, Basically, the program uses the TLF and TLC curves as
input data and then enumerates all the possible pump combinations that will
meet a specified set of operating conditions. Once the combinations have been
identified, the program determines the cost associated with each combination

and ranks the combinations from the least to most expensive.

Optimal Tank Operation Problem

54. The optimal tank operation problem may also be solved using a two-
step solution methodology. As before, each step requires the application of a
different computer program, as shown in Figure 8. Each step of the methodol-
ogy 1s discussed in the following sections.

Development of cost operation curves

55. The first step involves the development of a set of cost operation
curves (see Figure 9). These curves can be used to determine the minimum cost
required to change from one tank level to another over a specified period of
time for a required flow rate from the pumping station. The required flow

rate will be equal to the sum of the system demand plus (or minus) the flow

PROCEDURE REQUIRED DATA COMPUTER PROGRAM RESULTS
STEP 1
PUMP PUMP COsT
DEVELOP COST I RATION P ATION _Joost
OPERATION O Eves COMBIN AT IO OPERAT
CURVES
STEP 2 COnggERAHON
' cuny TANK OPTIMAL
?gxfggi;:yx ELECTRIC RATE OPERATION TANK
CURVES SCHEDULES PROGRAM (TOP) TRAJECTORY
DEMAND PATTERN

Figure 8. Optimal tank operation flowchart
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Figure 9. Cost operation curves

rate “equivalent of the change in storage in the tank. These curves are used
by an optimal tank trajectory program for determining the optimal tank trajec-
tory for a given tank. Three curves are normally required to cover the range
of possible operating conditions. Each curve may be obtained by fitting a
polynomial through a series of data points. Normally a quadratic curve is
sufficient to describe the variation of unit cost and flow rate for a given
tank transition. As a result, only three points are needed to construct each
curve. Each point on a particular curve represents the minimum cost required
to supply a given flow rate from the pump station while operating over the
specified tank transition. This minimum cost can be obtained by determining
the optimal pump combination associated with the particular operating condi-
tion. The optimal pump combination can be determined by applying the PCP dis-
cussed previously.

Determination of the
optimal tank trajectory

56. The second step involves the determination of the optimal tank tra-

jectory. This 1s accomplished using an optimal tank operation program (TOP).

30
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A description of the program {s given {r Appendix F. A discussion of the
theorv hehind the program i« given In Fnclosure 4 of Appendix A. The TOP uces
dvnamic programming to determine the optimal tank trajectorv for a given set
¢t cperating conditiors. In applving dvnamic programming to the optimal tank
tra‘ectory prohiem, the overall problem {s broken Into a series of sub-
prohlerms. This {s accomplished bv dividing the operating period (tvpically a
dav® Into smaller time units (tvpically hours). The dvnamic program then
svlves a series of subproblems to determine the overall or global solution.
fach subproblem involves determining the best possible tank transition for a
wiven time segment {e.g., | hr). For each subproblem, the dinamic program
must evaluate numercus potential tank transitions. The cost associated with
ench tank transition must be determined by solving the optimal pump combina-
tion probler discussed above. Cne way to handle this problem would be to
erbed the PUP directlv Into the TOP. Although this Is a possible approach, it
dres ot represert a computationally feasible alternative. Another approach
worzld he to approximate the results of the PCP with a series of curves. This
is accomplished through the construction of the cost operation curves dis-
cussed above, For any given tank transition associated with a particular sub-
~rohlem, the required flow rate can be determined. As a result, the cost
associated with the required flow rate and an associated tank transition can

he determined directlv from the cost operation curves.

Optimal Pump Jperation Problem

7. The advantage of using the cost operation curves in TOP as an
alternative to directlv using PCP is that the resulting program {s much more
compautationally efficient, The disadvantage {s that TOP vields onlv the opti-
mal tanx traiectorv; the pump operation pniicv needed to produce the traiec-
torv is not determined. However, once the optimal tank trajectoryv has heen
determined, the pump operation policy required to produce the traiectorv can
be determined bv reapplving PCP tor each Individual tank tran<{tifon. “ince
the {ritial and final tank levels for a glven period are now known (from 00,
PCP can be used to determine the optimal pump combination required to produce
each such transition. As a result, the optimal pump operation probhlem can be

solved bv combining *he solution methodologies for hoth the optimal pump

31
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o combination problem and the optimal tank operation problem into a single solu-
hs tion methodology. The resulting methodology is summarized in Figure 10,
v
. Summary
- i '
:\: 58. The general optimal pump operating methodologv can be summarized in
. four steps:
l: a. Develop pump operation curves for each possible pump combina-
- tion associated with a given service area using the procedures
a0 outlined in FEnclosure 3 of Appendix A,
: b. Develop cost operation curves for each service area using the
curves developed in step a and the pump combination program
s discussed in Appendix E,
" c. Determine the optimal tank trajectory for each service area for
- a specified demand pattern using the curves developed in step b
" and the tank operation program discussed in Appendix F.
|
PROCEDURE REQUIRED DATA COMPUTEHR PROGRAM RESULTS
N .
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_ o 15T PERATIN
.: | CLHLES TAf .
‘ St A b LELTHIC HATE CPERATION T A
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N
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.. Figure 10, Optimal pump operation flowchart
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Determine the optimal pump combinations for each time interval
in a given day using the pump combination program (Appendix E),
the pump operation curves developed in step a, and the optimal

tank trajectory determined in step c.




EA ﬂ'l‘) gy

.
-

T
. r‘_ ?

PART V: APPLICATION OF METHODOLOGY TO WASHINGTON, DC, SYSTEM

rd

+

&~ S

59. To illustrate the applicability of the optimal pump operating meth-

odology, the methodology was applied to two of the four pressure zones (ser-

vice areas) of the primary DC distribution system. The zones selected for

. )
RPN

-

this study were the second and third high-pressure zones. Although the gen-

eral methodology could have been applied to the low-service and first high-

I s —~
1.

A A

pressure zones as well, the second and third high-pressure zones were selected
based on the fact that no gravity flows from the clearwells were present (as
in the low-service zone) and only one tank policy was needed (two are needed

for the first high-pressure system). Although both of these factors could

have bcen incorporated into the methodology as discussed in a later section,

Ca

D M i
TR

their absence simplified the problem.

3 Second High-Pressure Zone

- (i,  The second high-pressure zone supplies water to that portion of DC
N west of the Anacostia River, with ground elevations between 140 and 210 ft.

‘ i~ addition, Falls Church is also supplied from this zone. During 1985, the

1, s

average daily demand for the second high-pressure system was 39.8 mgd. On the

average, 16.0 mgd was supplied to Falls Church. A schematic of the system is

.
* bl SRS I

1 i

shown in Figure !1.
hl. The second high-pressure zone 1s supplied by three pumps in the
X - “alecarlia pumping atation and two pumps in the Bryant Street station., (The
: phvsical characteristics of these pumps are described in Part II.) The pres- g

. sure head in the svstem is provided by a single l4.6-million gallon storage

tanlt locatel at 44th Street and Van Ness. The maximum elevation of the tank

SNt

f« 775 “t, while the minimum elevation is 318 ft. Under normal operating con- *
\l
\

ditions the water level in the tank 1s maintained between 334 and 326 It,

Third High-Pressure Zone

X -. A2, The third high-pressure zone supplies water to that portion of the
! Uistrict of Columbfia west of the Anacostia River, with ground elevations
between 10 and 150 fr., Arlington and the fourth high-pressure zone are also

sipplied “rom the third high-pressure svstem. During 1985 the average daily

Il C‘

v e
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Figure !1. Schematic of second high-pressure zone

demand for the third high-pressure system was 64.6 mgd. Of this amount,

:FT-‘ 23,3 mgd was used by Arlington. A schematic of the system is shown in Fig-
‘::: ure 12,
E&;EE 63, The third high-pressure zone 1is supplied by six pumps in the Dale-
biqif carlia pumping station and three pumps in the Bryant Street station. (The
!.:. physical characteristics of these pumps are described in Part I1I.) The pres-
Esjzi sure head in the system is provided by two tanks located at the Reno pumping
N%:% station. The combined capacity of the tanks 1is 25.4 million gallons. The
Vﬁ} maximum elevation of the tanks 1is 424 ft, while the minimum elevation is

406 ft. Under normal operating conditions the water level in the tanks is

P, maintained between 424 and 414 ft,
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» Svstem Demand and Electric Rate Schedules 2
8 !
N
.
i: 4. The optimal pump operation pelicv for a particular syvstem wil]
change from dav to day depending on: (a) the electric rate schedule and
. (b) the system demand schedule. The electric rate schedule for both the Dale- Ny
K carlia and Brvant Street pumping stations varies dependent upon the season
. (winter versus summer) and the particular day of the week (weekend versus -
. weekdav). The system demand schedule also varies considerably depending upon
- the season and day of the week. K
: 65, In order to examine the impact of these factors on the optimal pump K
L]
. operation policy, the optimal pump operation methodology was applied to hoth -4
the second and third high-pressure svstems for four different days in 1986: ;
.
-

: 20) March (winter, weekday); 29 March (winter, weekend); 8 June (summer,

sy %, %

. 36
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weekend); and 1!l June (summer, weekday). The electric rate schedules for
these 4 davs for both pressure zones are shown in Figures 13-16., The electric
rate schedules were constructed from the Potomac Electric Power Company time-
metered general service schedule shown in Appendix G.

66. The svstem demand schedules for these 4 days for both pressure
zones are shown in Figures 17-24., The flow rate demand for each hour was
obtained by performing a mass balance of pump flows and tank flows using the

following equation:

bV (tank)

Q(demand) = Q(pump) * T

where

Q(demand) flow rate demand
Q(pump) = pump flow
AV(tank) = change in tank volume during time interval &4t
Values of Q(pump) and £4v(tank) were obtained from daily operation records

for each system,

g
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Figure 24, Third high-pressure system demand, Wednesday, 11 June 1986

Network Model Calibration

67. Before the optimal pump operation methodology was applied to each
pressure zone, a mathematical model of each system was constructed., Each
model was developed based on the network schematics in Figures 11 and 12, The
physical parameters assoclated with each model are shown in Tables 9 and 10,

68, After a mathematical model of each pressure zone was developed,
each model was calibrated using operational data for each day. In calibrating
each model, a contir.ious simulation run was made for each day using the
observed pumping operating policy and associlated system demand data. Each
model was calibrated by adjusting selected headloss coefficients, Comparisons
between the observed and simulated tank water levels for each day for the
final calibration runs are shown in Figures 25-32. As can be seen from the
figures, the calibrated models were able to reproduce most of the observed
tank water levels very closely for a wide range of system demands and pump
operating conditions. The worst case was for the second high-pressure system

on 11l June 1986, For this day a maximum error of 2 ft was obtained. Attempts
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' Table 9

Pipe Characteristics for Second High-Pressure System

:;ﬂi Pipe Length Diameter Roughness
No. ft in. (C-factor)

ooy 1 10,550 30 100
3 9,250 16 100
9,000 20 100
2,950 24 60

800 36 60
3,500 36 60
11,200 36 100
18,300 36 60
3,250 36 60
10 4,650 36 60
o 11 6,900 36 60
12 2,800 36 60
e 13 14,330 42 60
14 280 42 30
15 500 42 80
i 16 7,600 36 100
o 17 700 36 100
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Table 10

Pipe Characteristics for Third High-Pressure System

Pipe Length Diameter Roughness
_No. ft in. (C-factor)
1 580 36 80
2 3,730 36 100
3 6,620 36 100
4 7,050 36 100
5 1,800 24 100
6 9,200 24 80
7 7,130 36 50 j

8 1,350 36 150
9 500 36 150
10 17,490 48 100
11 2,250 20 100
12 12,480 L8 150
13 16,880 48 150
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to improve the calibration for this day were limited by some unresolvable dis-

crepancies in the recorded pump flows.

Pump Operation Curves

69. Once a calibrated model of each system was obtained, it was used to
develop a set of pump operation curves for each possible pump combination.

For the second high-pressure system, ll different combinations of five pumps
are possible. A listing of the possible pump combinations 1is provided as
Table 11. For the third high-pressure system, 27 different combinations of
nine pumps are possible. A listing of the possible pump combinations 1s given
as Table 12. For each pump combination, different TLF and TLC curves were
obtained for three different system demands. For the second and third high-
pressure zones, system demands of 10,000, 35,000, and 60,000 gpm were used.
This resulted in three different TLF and TLC curves for each pump combination.
oth TLY¥ and TLC curves were developed assuming a constant clearwell level.
For Dalecarlia the clearwell level was set at 135 ft while Bryant Street was
set at 155 ft. The extra 20 ft of head at Brvant Street is supplied by the
McMillan pumping station. The cost of producing this additional head was
included in the TLC curves for the Bryvant Street station so that both pumping
stations would be treated on an equal basis.

70, Each TLF curve was obtained by fitting a quadratic function through
three data points. Fach data point was obtained by applying the calibrated
network model for each pump combination in each system for a specified system
demand and tank level, The total flow rate for both pumping stations that
results from this simulation was then plotted against the associated tank
level. For the second high-pressure system, tank levels of 318, 326.5, and
335 ft were used. For the third system, tank levels of 406, 415, and 424 ft
were used.

71, The data points used in constructing the TLF curves for the second
hish-pressure svstem are shown in Table 13. A typical set of TLF curves for
the second svstem 1is shown in Figure 33. The equations corresponding to these

rnrves mav bhe written as follows:

Maximum average demand curve: Qp = 69,930 - 85.6*h - 0,02076*h"2
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Table 11
Pump Combinations for Second High-Pressure System

Pump

1

(3]

(U1

~1

11

AR
P A
BN SR N

PR

Y 4
4,}

Combination

Dalecarlia Bryant
Pumps Pumps
78 39 7 8

X
X X
X X X
X
X X
X X X
X X X X
X X
X X
X X X
X X X X

Note: X =

pump operating.
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Table 13

Data Points for TLF Curves for Second High--Pressure Svstem

Tank Tank Tank
Pump Level Flow Rate Level Flow Rate l.evel Flow Rate
Combination ft _gpm ft gpm ft gpm
1 335. 19,224, 326.5 19,795, 318, 20,373,
335. 16,898, 326.5 17,574, 318, 18,240,
335. 15,433, 326.5 16,032, 318, 16,629,
2 335. 33,194, 326.5 34,234, 318, 35,250,
335. 29,289, 326.5 30,307, 318, 31,240,
335, 24,304, 326.5 25,465, 318, 26,525,
3 335. 42,368, 326.5 43,529, 318, 44,651,
335. 35,627, 326.5 37,036, 318, 38,350.
335, 27,147, 326.5 28,679, 318, 30,107,
4 335. 21,734, 326.5 21,988, 318, 22,232,
335. 18,225, 326.5 18,729, 318, 19,205,
335. 15,312, 326.5 15,912, 318, 16,464,
5 335. 38,937. 326.5 39,781, 318, 40,622,
335, 34,355, 326.5 35,586. 318. 36,770,
335, 29,444, 326.5 30,599. 318, 31,690.
6 335. 52,551. 326.5 53,906. 318, 55,239.
33s. 46,317, 326.5 47,811, 318, 49,198,
335. 36,513, 326.5 38,204, 318, 39,771.
7 335. 61,584, 326.5 63,183, 318. 64,656,
335. 51,647, 326.5 53,506. 318, 55,245,
335. 38,518, 326.5 40,510, 318, 42,373,
8 335. 33,302, 326.5 34,228, 318. 35,136.
335. 27,680, 326.5 28,562, 318. 29,386,
335. 18,954, 326.5 19,868, 318. 20,731,
9 335, 49,515, 326.5 51,08, 318. 52,656,
335, 43,566, 326.5 45,076. 318, 46,520.
335, 32,445, 326.5 33,870. 318, 35,206,
10 335, 63,253, 326.5 65,354, 318. 67,371,
335. 54,547, 326.5 56,311, 318. 57,948,
335, 38,626, 326.5 40,517, 318, 42,294,
11 335. 71,740, 326.5 73,933, 318, 76,014,
335, 59,195, 326.5 61,277. 318. 63,206,
335. 40,349, 326.5 42,497, 318. 44,502,
53
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Medlan average demand curve: Qp = 47,295 + 70.3*%h - 0,32526%/"° 7
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Table 14 (Continned)
Pump Tank Flow Rate Tank Flow Rate Tank Flow Rate
Combination Level £pm level gpm leve] gpm
12 424, 96,6273, 4l1s, 100,594, L06, 104,254,
424, 88,809, 415. 92,821, 406, 96,549,
424 78,765, 415, 83,023, 406, 86,960,
13 424, 103,200, 415, 107,627, L06 . 111,711,
424, 93,441, 415, 97,943, 406, 102,117,
424, 81,715. 415, 86,391, 406, 90, 745.
14 424, 22,167, 415, 22,754, 406. 23,329,
424, 21,491, 415, 22,111. 406. 22,686,
424, 20,825, 415, 21,479, 406. 22,088,
15 424, 44,058, 415, 45,643, 406. 47,211,
424, 43,257, 415. 44,882, 406. 46,450,
424, 41,825, 415, 43,432, 406. 44,978,
16 424, 64,900, 415, 67,360. 406. 69,762,
424, 62,836, 415. 65,216, 406. 67,517,
424, 59,576. 415, 61,899, 406, 64,144,
17 424, 82,414, 415, 85,415, 406, 88,371,
424, 78,573, 415, 81,562, 406. 84,326,
424, 72,679, 415, 75,888. 406. 78,821,
18 424, 96,183, 415, 99,725. 406, 103,019,
424, 89,798. 415, 93,487, 406, 96,916,
424, 81,122, 415, 85,093, 406, 88,782,
19 424, 105, 704. 415, 109,889. 406, 113,776,
424, 97,012, 415, 101,321. 406, 105,315.
424, 86,018. 415, 90,593. 406, 94,857,
20 424, 111,982, 415, 116,635. 406, 120,945,
424, 101,383, 415, 106, 161. 406, 110,589.
424, 88,737. 415, 93,729, 406, 98,377,
21 424, 31,739, 415, 32,800. 406. 33, 804.
424, 30, 205. 415, 31,316, 406, 32,371.
424, 28,603. 415, 29,760, 406, 30,848,
22 424, 53,501. 415, 55,576, 406, 57,613,
424, 51,831, 415, 53,907. 406, 55,932,
424, 49,203, 415, 51,284, 406, 53,286.
(Continued)
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Table 14 (Concluded)
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Tank Flow Rate Tank Flow Rate Tank Flow Rate
Combination Level Level Level gpm
424, 415, 77,135. 406, 79,944,
424, 415, 73,784, 406. 76,503.
424, 415, 69,193, 406, 71,861.
424, 415, 94,761, 406. 98,089,
424, 415, 89, 600. 406, 92,787.
424, 415, 82,600. 406. 85,973,
424, 415, 108,598. 406, 112,270,
424, 415, 101,045, 406, 104,852,
424, 415, 91,332, 406, 95,421,
424, 415, 118,254, 406, 122,524,
424, 415, 108,445, 406, 112,822,
424, 415, 96,487, 406, 101,113,
424, 415, 124,662, 406, 129,349,
424, 415, 112,992, 406, 117,786,
424, 415, 99,392, 406, 104,367,
(Sheet 3 of 3)
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third svster {5 shown in Figure 34, ihe equations corresponding to these

curves ma. be written as tollows:

nui average demand curve: Y

lol,u83 - 171.3*%h + 0.03086*%h" .

P
Median average demand curve: QP = 85,597 - 111.7%h - 0.04321%h"2
Mivitun average demand curve: UP = Yoy, 126 = 147.4%h + 000601 7%h 2
. "imisdar te the T0F curves, the U0 curves were obtained by fitting

gwtion through three ditterent data points, As belore, each
Sald polnt owas obdtuliied ds 4 result ot applvine the calibrated network model
cdch siatem for g spocitied svstem demand dnd tank water level. In this
caves the resuitine pump head, pump etliciency, and flow rate tor each pump
were il oused o ocaloulate a o tetal unit cost tor the total resuiting flow
rale. As Delore, thls unit cost was plotted against the specitfied tank water
cevel ror edach svstenm demand.  The data points used in constructing the TLC
curves or the second high-pressure svstem are shown in Table 15, A typical
coetool TLU curves tor the second svstem is shown in Figure 35. The equations

corresronding to these curves may be written as tfollows:

(0.003954*%h + 0.00007*%h"2

Maximum averdge demand curve: LUC = 1.276

Medidan averwge denand curve: LC = 1.644 - 0.006325%h + 0.00001*h"2

1]

1.6938 0.006828*h + 0.00001*h"2

Minilmum average demand curve: UC

where Lo is the unit cost in kilowatt-hours per [,000 gal. The data pcints
useu Lt constructing the TLC curves for the third high-pressure system are
shownn an Table [h. A tyvpical set of TLC curves for the third system is shown
in Figsure 3b. The equations corresponding to these curves may be written as

tollows:

v e gwUwVLTwLTw
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Figure 34. Typlcal set of TLF curves for third high-pressure svstem
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v

31.516

Max{mum average demand curve: UC 0.012683*h + 0.00002%h 2

LERG S
B
a LAy

Median average demand curve: e 3.861

0.014533*%k + 0,00002%h"2

.
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Minimum average demand curve: LUC 3.2713

0,011821%h + 0,00002%Kh "2
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For a given pump combiration, svstem demand, and average tank water level, the

PCP program uses the corresponding TI.F and TLC curves to obtain a required
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Table 15
Data Points for TLC Curves for Second High-Pressure System
Pump Tank Unit Tank Unit Tank Unit
Combination Level Cost* Level Cost* Level Cost*
1 335, 0.7674 326.5 0.7713 318, 0.7792
335. 0.7816 326.5 0.7731 318. 0.7681
v 335, 0.8112 326.5 0.7972 318, 5.7858
¢ 2 335. C.7864 326.5 0.7785 318. 0.7726
‘< 335, 0.8320 326.5 0.8186 318, 0.8065
- 335. 0.9028 326,5 0.88564 318. 0.8702
1 Wil
- 3 335, 0.8470 326.5 0.8362 318. 0.8260
e, 335. 0.9116 326.5 0.8968 318. 0.8839
| 335, 1,0311 326.5 1.0041 318. 0.9816
. 4 335. 0.6744 326.5 0.6654 318, 0.6555
B 335. 0.7443 326.5 0.7380 318, 0.7314
s 335, 0.7793 326.5 0.7714 318. 0.7647
o , 335, 0.7281 326,5 0.7228 318, 0.7185
.- 335, 0.7677 326.5 0.7592 3i8. 0.7523
° 335, 0.5088 126.5 0.7968 318, 0.7866
N A 335, 0.7607 326.,5 0.7515 318, 0.7434
o 335, 0.8069 326.5 0.7965 118, 0.7865
[ 335, N.8818 326.5 0.8664 318. 0.8533
- - 335, 0.8068 306,53 0.7971 318, 0.7878
{ 135, 0.8688 36,5 0.8571 318, 0.8466
o 335, 0.9816 3126.5 0.959% 318, 0.9405
lj; 5 335, 0.7625 326.5 0.7571 318, 0.7502
= 335, 0.8031 226.5 0.7952 318. 0.7884
N 135, 0.,4509 326.5 0.9267 318. 0.9063
J y 115 0.7715 126.5 0.7657 318. 0.7610
Yol ERRE 0.8014 326.5 0.7921 318, 0.7849
N 135, 0.91h7 32h.5 0.8955 318, 0.8773
iy 1t 135 N,7874 16,5 0.7790 318, 0.7715
- L 0.8327 1A, 0.8221 318, 0.8126
¥ i 1,970k 3265 0.9557 318. (.9353
®
RS 1 i 0.RI5S 76,5 0.8165 318, 0.6083
o L 0L RRTY R 0,875 TR, 0.8647
o SRR 1.0748 126.5 L0454 Ilw. 1.0189
L
®
. *  Pxpressed in kilowatt-hours per 1,000 gal at a cost of $0,01 per kilowatt-
. hour,
o 60
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UNIT COST, CENTS/KGAL

0.73
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1 1 |
318 323 328 333 338
TANK LEVEL, FT

0.70

Fi{gure 35. Typical set of TLC curves for second high-pressure svstem

pump discharge and unit cost. The total cost of a particular pump combination
is obtained by multiplying the unit cost by the required pump discharge. Both
the unit cost and the required pump discharge are obtained by fitting a gquad-
ratic equation through three points obtained from the three TLF and TLC curves
for a given average tank water level., The unit cost and required pump dis-

charge are then expressed as a function of the system demand. For the typical

set of TLF curves shown in Figures 33 and 34 and tank water levels of 330 and

419 ft, the following pump discharge equations are obtained:
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e Table 16
h"’
::-\.'3' Data Points for TLC Curves for Third High-Pressure Svstem
v
- Pump Tank Unit Tank Unit Tank Unit
“-:‘ Combination lLevel Cost* Level Cost* Level Cost*
o 1 424, 1.0478 415. 1.0182 406, 0.9893
- 424, 1,0640 415, 1.0335 406, 1.0040
G 424, 1.0779 415, 1.0476 406, 1.0183
: 2 2 424, 1.0736 415. 1.0453 406. 1.0179
s 424, 1.0933 415, 1.0647 406. 1.0372
Ko 424, 1.1243 415, 1.0966 406, 1.0698
1A
Yo 3 424, 1.1140 415, 1.0872 406, 1.0613
ko 424, 1.1408 415, 1.1154 406, 1.0908
424, 1.1831 415, 1.1590 406, 1.1354
= 4 424, 1.1596 415, 1.1365 406, 1.1138
oo 424, 1.1943 415, 1.1729 406, 1.1520
- W24, 1.2386 415, 1.2183 406, 1.1985
si:5 5 424, 1.2068 415. 1.1874 406, 1.1685
g 424, 1.2429 415, 1.2249 406, 1.2074
o 424, 1.2851 415, 1.2677 406, 1.2510
i 6 424, 1.2490 415, 1.2327 406, 1.2169
"l 424, 1.2835 415, 1.2680 406, 1.2532
"y 424, 1.3227 415, 1.3073 406, 1.2928
" 7 424, 1.2967 415, 1.3272 406, 1.3665
2 424, 1.2798 415, 1.3025 406, 1.3338
- 424, 1.2688 415, 1.2875 406, 1.3248
';zi 8 424, 1.1345 415, 1.1228 406, 1.1138
o 424, 1.1389 415, 1.1252 406, 1.1146
- 424, 1.1460 415, 1.1312 406, 1.1190
e 9 424, 1.1202 415, 1.1020 406, 1.0864
e 424, 1.1347 415, 1.1165 406, 1.1003
o 424, 1.1598 415, 1.1411 405, 1.1241
T 10 424, 1.1422 415, 1.1234 406, 1.1064
S 424, 1.1663 415, 1.1480 406, 1.1314
o 424, 1,2019 415, 1.1842 406, 1.1673
'§§; 11 424, 1.1785 415. 1.1615 406. 1.1457
o 424, 1.2092 415, 1.1931 406, 1.1781
o 424, 1.2470 415, 1.2314 406. 1.2168
.-;’; (Continued)
:'__ * Expressed in kilowatt-hcurs per 1,000 gal at a cost of $0.0l per kilowatt-
:-.' hour.
-
- (Sheet 1 of 3)
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Table 16 (Continued)

Pump Tank Unit Tank Unit Tank Unit
Combination Level Cost Level Cost Level Cost
12 424, 1.2188 415, 1.2040 406, 1,1905
424, 1.2502 415, 1.2365 406, 1.2236
424, 1.2862 415, 1.2728 406, 1,2601
13 424, 1.2553 415, 1.2428 406, 1.2315
424, 1.2853 415, 1.2733 406, 1,2625
424, 1.3183 415, 1.3066 406, 1.2957
14 424, 1.2552 415, 1.2662 406, 1,2812
424, 1.2449 415, 1.2542 406, 1.2646
424, 1.2369 415, 1.2445 406, 1,2537
15 424, 1.1548 415, 1.1438 406, 1.1344
424, 1.1545 415, 1.1431 406, 1.1320
424, 1.1601 415, 1.1479 406. 1.1363
16 424, 1.1523 415, 1.1452 406, 1,1234
424, 1.1482 415, 1.1323 406, 1,1169
424, 1.1697 415, 1.1535 406, 1.1383
17 424, 1.1531 415, 1.1363 406, 1.1201
424, 1.1749 415, 1.1588 406, 1.1432
424, 1.2063 415, 1.1906 406, 1,1755
18 424, 1.1854 415, 1.1701 406. 1.1551
424, 1.2129 415, 1.1984 406, 1.1845
424, 1.2465 415, 1.2326 406, 1.2194
19 424, 1.,2218 415, 1.2087 406, 1.1955
424, 1.2498 415, 1.2374 406, 1.2256
424, 1.2817 415, 1.2697 406. 1,2582
20 424, 1.2549 415, 1.2436 406, 1.2328
424, 1.2815 415, 1.2708 406, 1.2608
424, 1.3107 415, 1.3001 406. 1.2903
21 424, 1.5080 415, 1.5947 406, 1.7153
424, 1.4268 415, 1.4807 406, 1.5555
424, 1.3761 415, 1.4093 406. 1.4556
22 424, 1.3132 415, 1.3467 406. 1.3992
424, 1.2732 415, 1.2898 406. 1.3165
424, 1.2494 415, 1.2527 406, 1.2622
23 424, 1.2496 415, 1.2648 406, 1.2922
424, 1.2316 415, 1.2340 406. 1.2424
424, 1.2315 415, 1.2249 406, 1.2222
(Continued)
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Table 16 (Concluded)

Pump Tank Unit Tank Unit Tank Unit
Combination Level Cost Level Cost lLevel Cost
24 424 1.2399 415. 1.2459 406, 1,2594
424 1,2373 415. 1.2333 406, 1.2341
424 1.2529 415, 1.2430 406, 1.2362
25 424, 1,2540 415, 1.2557 406, 1,2632
424, 1.2617 415, 1.2563 406, 1.2543
424, 1.2842 415, 1.2742 406, 1.2668
26 424, 1,2785 415, 1.2785 406, 1,2831
424, 1.2902 415. 1.2849 406. 1.2824
424, 1.3141 415, 1.3048 406, 1.2978
27 424, 1.3039 415, 1.3033 406, 1.3069
424, 1,3167 415, 1.3119 406, 1.3097
424, 1,3395 415, 1.3311 406. 1,3248

(Sheet 3 of 3)
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Figure 36. Typical set of TLC curves for third high-pressure svstem

e

e Qp = 27,980 + 0.2199*Qd - 0.000000ASA*Qd‘Z (2nd highd
s

k.,._ Qp = 33,092 + 0.0BM*(Jd - 0.000(»(»0175*0(]‘; (ird high)
i where Od 1s the given svstem demand. For the tvpical set of T/ ogrvec
\ shown in Figures 35 and 36 and tank water levels of 10 and Wl4 tt, the
::. following unit cost equations are ohtained:
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tC = 0.8175 - Z.OOE—b*Qd + 1.1:5—12*Qd‘3 {Znd high)
vtc = 1.4111 - 3.86E—7*Qd + 3.725-12*Qd“2 (3rd high)

In each case, the quadratic equations were fitted using Lagrangian polyno-

mials. For the equation form Y = a + bX + ¢cX'2 the coefficients were

\ determined using the following equations:
L a = RO*X1#X2 + RI*XO*X2 + R2*X0#X1
. b = [-RO*(XI+X2)] - [RI*(X0+X2)] - [R2*(XO+X1)]
- ¢ = RO + Rl + R2
o
‘ where
v
RO — GRS
CUXO=ND)Y R (X0-X2) ]
E TN RN =XD) )
b~
_n EEESEE
3
- cve three valnes nf the independent variables (tank water
. tem demand . «oand Yo, vl Y are the three correspond-
_’ > Tee namp T ow or unit cost UC ),
7 ,\
.. coroes eracide a4 osimplified wav for approximating
- ot ta oot the second and third high-pressure svs-
¥ v Cere eyt gt g desired tank level change, these
¢ e Cot fetereine the least costly pump combination
. ’ ' i Aiternatively, these curves can be
Lo . S et oot cneration curves for use in generating
ooy DU e s SUre J0ne.,
L]
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Cost Operation Curves

74, Once the pump operation (TLF and TLC) curves were developed, a set
cf cost operation curves was generated. The cost operation curves are needed
2s input in the TOP and are used in determining an optimal tank trajectorv fnr
i wiven set of operating conditions. For both the seccnd and third high-
nressure svstems, the rate of change In tank level was found to arfect the
wdraulics of the svstem much more than the actual tank level. As a recult,
*he cost operatien curves were developed as a function of tank filling for
irgY rare. PFor each pressure zone, three different curves were nbtai=ed
“vo dzures 37 and 38). The top curve in each case corresponds t.o the mini-
= oost assoclated with the situation where the tank is filling at a rate ¢
“t per hour. The middle curve corresponds to the minimum cost associated
‘rhothe situation where the tank 1is neither draining nor filling. Finallw,
‘e bottom curve corresponds to the situation where the tank 1s draining at a

r:te 0f 1 ft per hour.

Par,

BLATENEN

) i | N |

20 25 30
PUMP [DISCHARGE 10Q0 ‘

Flgure 37. Cost operation curves for second high-precaire wosres
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energy usage cost savings for the second high-pressure system were estimated
to be $25,330 (5 percent), while the total annual energy usage cost savings
tor the third high-pressure system were estimated to be $64,583 (7.5 percent).
“imilar percentage savings can be expected for both the low-service and first

high-pressure zones.

Optimal Pump Operation Policies

2, After the optimal tank trajectories for each day for each svstem
were Jeter—ined, the corresponding pump operation schedules were determined by
“oapplivine the P for each time period in the tank trajectory. Given dis-
sParge, tunx fill rates, and tank levels, the PCP was used to determine which
somps should bhe cperated.  The optimal pump operation schedules obtained using
the .-%r tire interval are shown In Figures 47-54. The cost in dollars asso-

iate! with each hour of operation is shown along the bottom of each figure.

r each pump, the period of operation 1s indicated by the shaded area. Since

o haracteristic curves for the pumps associated with each pumping station

wrp esseptially the same, the important information obtained from each figure

the numher of oumps (for each pumping station) operating at a particular
v iepe ae spooved to the actual pumpage. W
=, "n arder to evaluate the sensitivity of the resulting pump opera-
4 les to the approximations Invelved in the pump operation and cost

YR [ IR LR

i, each dav was simulated using the resulting optimal pump

i the calihrated hvdraulic network model!., The tank level trajecto-~
“le o resgitdny tror these simulations were then superimposed on the results of
LIS Corans, as o <shown {n Figures S5-6.0,

~ . Ac -a- e ceen !rom thege figures, the desired optimal tank trajec-

P e ctadtaed teor o the TOPY were essentiallv matched through the {mplemen-

Caro ottt omep oaperat fon polley fobhratned from the PCPY, The high level
rre gt o bptween the twe sets of curves {llustrates the accuracv of the
A roes e reprpcent {ny the hvdraulics of the modeled svstems,

ety Analveds

' teoe ot pereratiog rrdimal pump o operating policies Tor com-

L e e et e e e add e tonal case studiee were
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Figure 60, Simulation results for third high-pressure
system, Saturday, 29 March 1986
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oty attons conld e deproved e oallowing the inftial and tinal states
T Codnvesticate this possibility, eact dav was reanalvred b orequir-

frgorte dedefal oand tinal tank water levels to he et at full and hal:i-tull
startivye st o ~ftdndieht. The results of this analvsis are summarized in
b coand e
<+, A direct comparison between the original optimal solutiens and the
soluti.ns ohtalned ‘rom the moditfied starting levels is not peossible because
the orizinal solutions did not stop and start at the same elevatlion (see Flg-
ures Yi-ih' . What 1s possible 1s a direct comparison between the solutions
for the ca+a2s when the tanks started and ended at half-full and the cases when
the tanke s« arted and ended at full., Trom this comparison it would appear
that additional savings mav be obtained by having the tanks at half-full at
midnight as opposed to full. For weekends, the starting elevations do not

appear to affect the overall cost.

Additional storage

86. The second case Iinvolved an examination of the impact of providing
additional storage. For this study the tank volumes for both systems were
doubled. This volume was considered to be a realistic estimate of potential
additienal storage. Optimal tank trajectories for each day for both pressure
zones were then obtained by applying TOP to the modified systems., The total
costs associated with the resulting trajectories are presented in Tables 21
and 22, From these results it would appear that addition of more storage to
the second high-pressure system would result in an increase in energy usage

costs. (The increase was due to initial tank water levels rather than a
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Table 19

Optimal Cost for Second High-Pressure Svstem with Alternate

Initial and Final Water levels

4-hr Tank Tank
Optimal Full Half-Full

Date, 1986 Type of Day $ $ $
20 March Winter/weekday 1,327 1,316 1,262
29 March Winter/weekend 953 924 924
8 June Summer /weekend 1,170 1,179 1,178
1l June Summer/weekday 1,825 1,824 1,729
Projected annual cost 492,285 488,659 471,529
Projected annual savings 3,626 20,756

Table 20

Optimal Cost for Third High-Pressure System with Alternate

Initial and Final Water Levels

4-hr Tank Tank
Optimal Full Half-Full

- Date, 1986 Type of Day $ $ $

. 20 March Winter/weekday 2,002 2,046 1,906
29 March Winter/weekend 1,410 1,577 1,574
‘.jif'i 8 June Summer/weekend 2,090 2,169 2,168
n 11 June Summer /weekday 3,274 3,427 3,255
if?; Projected annual cost 797,114 833,082 794,817

;EE Projected annual savings ~-35,783 2,482

~
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Table 22

Optimal Cost tor Third High-Pressure Svstem with Additional Storage

A I (e B Bl

4-hr
N Optimal Additional Savings 1
’: Date, 1986 Tvpe of Day $ Storage, § $

® 20 March Winter/weekday 2,002 1,989 13
_'% 29 March Winter/weekend 1,410 1,245 165

\ 8 June Summer/weekend 2,090 2,102 7
- 11 June Summer/weekday 3,274 3,075 199

Projected annual cost 797,144 765,932

5 Projected annual savings 31,182 .
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woeesepde 1o it v arent pam the neliow for the weekdavs, Poor the weewndanve,
et redmal tratectory consigted o il ing the tank duriny the ottt - or

intermediate -peakr perfods and drafning the tank during the on-peak perfod.
"aring the weekends the tanks were gradually t{lled.

Fecovery from extreme demands

. i the f{nal case studv, the {mpact of an extreme demand ({.e., a
tire or main hrear’ on the optimal weeklv trajectories was examined. ‘Yor each
weer a4 tra‘ectory was hegun at R pm on Monday night with the tanks emptvy.

"his was considered to he the extreme case for a fire or a main break. The
ohjective of each run was to examine how long {t took for the optimal trajec-
torvy to recover from an extreme event. The optimal costs and trajectories
resulting from these runs are shown In Figures 67-70, As shown, the system
can recover from such an event very rapidlv. For each case, the optimal tra-

fectorv returns to a tvpical pattern within a dav of the event,

Impact of Flectric Demand Charges

89. The total electric charges for each pumping station are a function
of three different charges: usage charges, production and transmission
charges, and distribution charges. In the current study, only the usage
charges have been congidered. In developing an optimal pump operation policy

for both the second and third high-pressure systems, it has been assumed that
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Figure 67. Optimal t:nk trajectory for recovery from emergency
for second high-pressure svstem during winter months
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Figure 68. Optimal tank trajectory for recovery from emergency
for second high-pressure system during summer months
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Figure 69, Optimal tank trajectory for recovery from emergency
for third high-pressure system during winter months
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Figure 70, Optimal tank trajectory for recovery from emergency
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hoth svstems are essentiallv independent. Thus, the optimal operating ol
tor ore pressure sone will not adversely affect the optima: operatine »olic
tor another cone. While this is a valid assumption when only eneruv vsace

charges are considered, some compromises mav bhe required when production,

transmissicrn, and distribution charges are considered.

90,  For both Dalecarlia and Brvant Street pumping staticons, nroduceion
and transmission charges are based on the maxirmum 30-min derand recorded Jur-
ing the on-peak weekdav period (noon to 8 pm) for all summer months  ‘une

through September). This charge is based on the total electrica! demand ‘in
kilowatts) for each pumping station. Tf the operators are not care!ul in purp
selection, it is possible that the additional energv cost savings resulting
from the implementation of the optimal operating policv for each pressure rone
could be offset bv an increase in the production and transmission charges for
the entire pumping station. For this studv, however, the optimal soluticns
for davs with variable rate schedules were characterized bv pumping during
periods of nonpeak electric rates., As a result, it is quite possible that the
overall costs will be even further decreased bv implementation of the optimal
operating policy.

91. Similar to the production and transmission charges, the distrihu-
tion charges for each pumping station are also based on a maximum 30-min
demand. This demand charge, however, is not restricted to the on-peak period
nor the summer months. Instead, the distribution charge for each month 1is
based on the maximum 30-min demand recorded during the previous l2-month
period. 1In general, this kind of charge can be minimized by using electricity
at a constant rats. From an overall perspective this charge may be further
reduced by dividing the load as equally as possible between the Dalecarlia and
Bryant Street stations.

92. As with the production and transmission charges it is possible that
the additional savings resulting from implementation of the optimal operating
policy could be offset by an increase in the distribution charge. However,
due to the nature of the yearly system demand schedule and the existing elec~
tric rate schedule, only 1 month of the year will usually control the monthly
demand charge for that year. For the DC system this month is tvpically either
August or September. For the controlling month, the demand charge will nor-
mally be more important than the electric usage charge because the resulting

demand charge will be in effect for the next Il months. During this month the

92
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the =svstems bebaved as {7 t7ey were el et ¢ N -
meant rhat the state o the susrer cogld o he comnlere o oo e .
tank level. for this analvsis, 0 discrete stofes, Wi s -

discrete tans levels, were used, Trothere Were Twe Toitoee Thogr

the same ranee, it would be neceseary ro use . e,

' RO ¢ "
tanks w.ould require (00 srates., This {s rererred ¢ 42 the v *
sionalitv"” and can be a sericus rrohlem for Jdvnamic programrica. e s oe
rumber of states would greatlyv {ncrease the computation time, =i ce. ¢

cverflow of computer memorv, or mav necessitate “ewer stiates with v -
ated loss in accuracv.

94, The prohlem, however, is not quite as serions as it mav seer.

rr
]

multiple tanxs are so far apart that thev behave independentlv, oniv fe =

age tanx near the pumping station need be considered in determinirs states,

In most cases with multiple tanks, the tanks will neither bhe =0 close That
?j thev can be treated as one nor so far apart that one can be l1gnored. !owever,
- it is not necessary to increase the number of state~s as dramatficall~ as
is described in the previous paragraph.
i: 95, The kev to limiting the number of states is realizing that tanrk ]
Et water levels usuallv follow one another fairlv closelv., Barring a dramatic i

hd
'@

event, water levels in two tanks in a system are seldom more than a few feet

n" B
:' apart. For example 1if tank A is at 456 ft, tank R will almost alwavs be ]
o

:: between 452 and 460 ft even though 1its possible range mav be from 430 to )
:. 470 ft., Larger differences usuallv indicate inadequatelv sized pipes between 3

the tanks. Therefore, If there are n tanks, the tank levels are divided
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PART VI: SUMMARY AND CONCLUSIONS

Summarx

97. The purpose of this report was to provide a comprehensive method-
ologv for use in evaluating and improving the overall operating efficiencies
of treated water pumping systems. The pump operation methodology has been
developed to address three different problems: 1inefficient pumps, inefficient
pump combinations, and inefficient pump scheduling. In order to identify
inefficient pumps, pump field test guidelines were developed. An evaluation
of the energy consumption and performance of a pump can provide valuable
information on its general condition. From this information, a rational deci-
sion can be made on the cost-effectiveness of repairing or replacing a low-
efficiency pump.

98, To determine optimal pump combinations, a pump combination program
was developed. This program uses a set of pump operation curves to determine
the best pump combinations possible for a given tank transition (i.e., change
in tank water level), system demand, and required pump flow. Methods to
develop the pump operation curves are presented in Enclosure 3 of Appendix A.

99, The last problem addressed by the methodology was the problem of
inefficient pump scheduling. The current methodology was developed to mini-
""" mize the electric usage costs for a pumping station. The pump scheduling
problem is solved by subdividing the problem into two smaller problems: the
optimal pump combination problem and the optimal tank operation problem. The
optimal tank operation problem is solved using a tank operation program. This
program uses a set of cost operation curves (obtained from successive applica-
tions of the PCP) to determine the optimal tank trajectories (i.e., the varia-

tion of the tank water levels over time) for a wide range of operating

conditions, Once the optimal tank trajectory is obtained, the optimal pump

:;' operating policy may be obtained by reapplication of the PCP,

s " ‘\
. % .
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100. As part of this study, the DC and vicinity water system was

NS

selected for use as a case study for application of the methodology. In this
case the methodology was used to obtain optimal pump operating policies for

4 representative days for two different pressure zones. For the cases
examined, average energy usage savings of between 5 and 7.5 percent were

obtained. Similar percentage savings can be expected for the low-service and
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.QA;S first high-pressure zones. For the second high-pressure zone, annual energy
2;:}' usage savings of approximately $25,000 were projected. For the third high-
B pressure zone, annual savings of approximately $65,000 were projected.
géﬁ: 101. Before the optimization methodology was applied to the DC system,
{:i: the pumps in the Dalecarlia and Bryant Street pumping stations were field
*:;: tested. In general, the majority of the pumps appeared to be operating close
] D) to their original design efficlencies. No extremely inefficient pumps or pump
::i combinations were identified.
ﬁi:' Conclusions
.xf$ 102. This study has shown that significant energy savings may he
qtaﬁ achieved through the implementation of policies obtained from the application
:;;ﬁ of cptimization procedures. The results of this study can be summarized in
& terms of three categories of increasing complexity: (a) general rules of
ii:ﬁ thumb, (b) optimal pump combination strategies, and (c) optimal pump operation
igi: strategies.
:1;: General rules of thumb
% | 103. For the DC and vicinity distributicn system, the following gen-
;:Et eral rules of thumb are suggested:
‘:;: a. During the critical demand month (usually August or Septem-—
1‘5: ber), the pumps should be operated at a fairly constant rate

to minimize the electrical distribution charge.

In general, the demand load for the system should be equally
shared between both pumping stations (especially during the

N critical demand month). Such a policy should lead to a

- further minimization of the electrical distribution charge.

lo

c. During the weekends, when the energy usage rate is constant,
the pumps should be operated so that the tanks fill

AN gradually.

[ ’-_

Dk d. During the weekdays, when a variable energy usage rate is in
j'?Q effect, the pumps should be operated such that the tanks are
e filled during the off-peak (8 pm to 8 am) and intermediate
v o7 (8 am to noon) periods. During the on-peak periods (12 noon
f!; to 8 pm), as few pumps as possible should be operated.

)

a408 Optimal pump combination gtrategies

ﬁ}i 104, To obtain optimal pump combination strategies for each pressure
&

#{: zone, an optimal pump combination program was developed. For a specified

e system demand and a desired change in tank level, the PCP can be used to rank




the feasible pump combinations on the basis of economic efficiency. From this
ranking, the operator can select the combination that is both economical and
practical. The PCP is very practical and can easily be incorporated into the
daily operation of eazh pumping station., In applying the program to the DC
system, the program was able to simulate the hydraulics and economics of the
system very accurately.

Optimal pump operation policies

105, The development of optimal pump operation policies requires the
application of a sophisticated optimization program along with the PCP.
Application of these programs to the second and third high-pressure zones
resulted in significant energy savings. Additional data and software will be
required to develop and implement such policies for the entire system on a
daily basis. However, given the results of the present study, such an effort

would appear to be economically promising.
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APPENDIX A: ENERGY EFFICIENCY AT WATER SUPPLY PUMPING STATIONS

l. As part of the work unit under which this report was prepared, the
authors developed an engineer technical letter (ETL 1110-1-134) for use by
Corps of Engineer personnel. This ETL, reproduced on the following pages,

provides additional guidance on studies conducted to improve water distribu-

tion pumping efriciency.
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DEPARTMENT OF ARMY ETL 1110-1-
US Army Corps of Engineers
DAEN-ECE-B Washington, DC 20314-1000

Engineer Technical
Letter No, 1110-1-

Engineering and Design
ENERGY EFFICIENCY
AT WATER SUPPLY PUMPING STATIONS

L. Purpose. This letter describes techniques for evaluating the efficiency
of existing pumping stations, selecting efficient pump combinations, and opti-
mally scheduling pumping with the goal of reducing energy costs. This should
assist in identifving inefficient pumps, combinations of pumps, and operating
policies.

2. Applicability. This letter is applicable to Corps-operated pumping facil-
ities such as the Washington Aqueduct Division and water supplies at recrea-
tion areas, FUA's cenducting specially authorized water supply studies or
Sectionr 27 {PL 93-251) studies, and FOA's conducting design work or performing
other services at military installaticns., Energy conservation is an important
consideraticn at both civil (ref 3b) and military (ref 3c) projects.

3. References.
a. Section 22 of PL 93-251, Water Regources Development Act of 1974,
b. ETL 1110-2-216, Energy Conservation for Civil Works.
c¢. ETL 1110-3-282, Energy Conservation.

d. Ormsbee, L. E,, and Walski, T. M. '"Techniques for Improving Energy
Efficiency at Water Supply Pumping Stations,'" Technical Report EL-87-X,
US Army Engineer Waterways Experiment Station, Vicksburg, Miss.

4. Background. Water supply pumps can account for a great deal of the energy
consumed by a municipality or military installation, One of the largest energy
use In the Corps of Engineers 1s the pumps at the Corps' Washington Aqueduct
Division. Neither the civil (ref 3b) nor the military (ref 3c) guidance on
energy consumption discusses water pumping or potential energy savings in water
pumping. Pumps can wear out, carrying capacity can be lost in suction and
discharge piping, pumps may have been jmproperly sized originally, pumps can

be operated inefficiently, or equalizing storage capacity may be inadequate.
Any of the above can result in wasted energy. Pumps should be evaluated
periodically to ensure they are operating efficiently., This letter describes
ways to evaluate pump operation and identify inefficiencies.

5. Overview., Several types of analysis can be performed to evaluate pump
energy uses, ranging from determination of the efficiency of an individual

pump to examination of operating policies with the option of adding distribu-
tion storage. These techniques are described in four enclosures to this letter
as described below:
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a. Pump System Fundamentals. Enclosure ! is a review of fundamental con-
cepts of pumping system design and operation and is intended as a review for
practicing engineers.

b. Field Testing Individual Pumps. The most fundamental type of test
that can be conducted is that of measuring the efficiency of an individual
pump. The overall (wire-to-water) efficiency is the ratio of water horsepower
produced by the pump to the input horsepower, usually electrical. The effi-
ciency should be measured at several flow rates. These tests will identify
pumps that fail to meet performance specifications, as well as the most
efficient operating flow rate for each pump. Procedures for conducting these
tests are described in Enclosure 2, Measurement of pump flow rate can be very
difficult or impractical, depending on the size of the pump and the configura-
tion of the intake and discharge channels. Therefore a determination should
be made at an early stage to determine if it 1is practical to make efficiency
tests.,

c. Multiple Pump Operation. The fact that a pump meets its original
performance specifications does not guarantee that it will operate efficiently.
A pump can operate over a wide range of flow rates. The actual flow that it
produces depends on the head difference between the suction and discharge sides
of the pump. The relationship between these heads and the flow rate is
referred to as the system head curve and 18 a function of tank water levels on
each side of the pump, pipe carrying capacity near the pump, location of water
use with respect to the pumps, and which other pumps are operating. Depending
on the system head encountered by a pump, the pump may perform over a wide
range of efficiencies. Enclosure 3 describes how to identify which pump or
combination of pumps 18 most efficient for a given system head.

d. Pump Operating Policies. Given that a pumping station must produce a
specific volume of water on a certain day, the operating policy to produce
that volume can vary from operating the pumps at a constant flow rate, to pro-
ducing a flow rate that follows demand, to pumping at a higher rate when off-
peak energy prices are in effect. The best operating policy depends on time
of day pricing schedule, the water demands as a function of time, the amount
of storage available, the efficiencies of the individual pumps, and the carry-
ing capacity of the distribution system. Selecting the optimal operating
policy requires using a computerized procedure because of the complexity of
the problem. A dynamic programming model to solve this type of problem was
developed by Ormsbee and Walski of the US Army Engineer Waterways Experiment
Station (ref 3d) and is described in Enclosure 4.

6. Action. This techniques described in this letter should be used by FOA's
in studies involving water supply pumping design and operation.

FOR THE COMMANDER:
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PUMP SYSTEM FUNDAMENTALS

i l. Introduction. Energy costs comprise the major component of the operating

- costs or most utilities, The largest quantitv of energy is usually consumed

- by the treated water pumping units. The operation cost associated with a par-

y ticular pump station will be dependent upon four different factors: the
pumps, the distribution system, the pump drivers (motors), and the governing
energy rate schedule. This enclosure examines the characteristics of each of
these components and their influence on the operational efficiency of a warter
supply system.

Section I: Pump Characteristics

2. Centrifugal Pumps. By far, the most commonly used pump in water supply 1is

the centrifugal pump. Centrifugal pumps add energy to the tlow through the

3‘- use of an impeller. Centrifugal purips can be classified into three general
oY categories according to the way the impeller impacts energyv to the fluid.

. Radial flow impellers impart energy primarily by centrifugal force. Liquid
-:~ enters the impeller at the center and flows radlally to the outside of the
." pump casing. Mixed flow impellers impart energy partially by centrifugal

-« force and partially by axial force, since the vanes of the impeller are acting
:{j partlv as an axial compressor. Axial flow impellers impart energy to the

. fluid by acting as axial flow compressors. In axial {low pumps, fluid enterc
i{- and exits along the axils of rotation. All three types of centrifugal pumps
;}: are used in water supply applications. In general, radial flow impellers are
N

used in high head pumps while axial flow Iimpellers are used in lower head
punps. In this ETL, only constant-speed centrifugal pumps will be considered.

a. Specific Speed. The particular type of pump required for a given
application can usually be found by determining the specific speed of the
punp. The specific speed may be defined as follows:

N VO
Ng 7 0TS A

where NS specific speed

A
[

pump speed, rpm

Q discharge, gpm

H

pump head, ft

In determining the specific speed of a pump, H and Q are measured at the
point of maximum efficiency (Medcaff and Eddy 1972). 1In general, the computed
value of the specific speed has no usable physical significance, but it is
useful because it can be used as a guide in selecting the most efficient pump
type. Generally, pumps with low specific speeds (500 to 2,000 rpm) are made

ENCLOSURE 1
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to deliver small discharges at high pressures. Pumps characterized by high
specific speeds (5,000 to 15,000 rpm) deliver large discharges at low pressures
(Simon 1976). For centrifugal pumps, the value of specific speed can be used
to select pumps.

Table l~1. Specific Speed Versus Impeller Type

Range of Specific Speed, rpw Impeller Type
500 - 3,000 Radial Vane
4,000 - 7,000 Mixed Flow
9,000 and above Axial Flow

b. Net Positive Suction Head. Water is not sucked into a pump. Instead,
a positive head must push the liquid into the pump. The Net Positive Suction
Fead (NPSH) 1is the total head (in feet of liquid) on the suction side of a
pump less the absolute vapor pressure (in feet) of the liquid being pumped.
In order for cavitation not to occur, the Net Positive Suction Head Avail-
able (NPSHA) musr be greater that the Net Positive Suction Head
Required (NPSHR) (Lindeburg 1981).

(1) NPSHR., NPSKFR i{s determined by the pump manufacturer and will
depend on many factors, including the type of impeller inlet, impeller design,
pump flow, pump speed, the nature of the fluid, etc. The NPSHR for a particu-
lar pump is usually plotted on the pump performance curve as a function of
discharge.

(2) NPSHA. NPSHA is the net positive suction head that 1s availlable
ir the field for a set of particular operating conditions. NPSHA can be cal-
culated or can be cbtained by measuring pressure (or vacuum) at the suction
side of the pump. For negative suction lift conditions, NPSHA may be deter-
mined using Equation 1-2. For positive suction conditions, NPSHA may be
deternine using Equation 1-3,

v 4 < . - - - - - "2

Negative Suction Conditions: NFSHA ha hvpa hSt hfS hVh (1-2)

Positive Suction Ccnditions: NPSHA = h_ - h +h _ -h. =~h (1-3)
a vpa st fs vh

where ha = absolute pressure (in feet of liquid) on the surface of the

l1iquid supplv level (this will be barometric pressure if
suction 1s from an open tank or sump; or the absolute pressure
existing in a closed tank), ft

v = the head corresponding to the vapor pressure of the liquid at

the temperature being pumped (at 20° C the vapor pressure of
water at sea level ft), ft
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Boas hst = static height that the liquid supply level is above or below

Y the pump center line, ft

\':'..':

A hfs = all suction line losses, including entrance losses and friction

'::?a losses through pipe, valves, and fittings, etc.

-;‘:--j

hy, = velocity head, ft

\

S Usually velocity head and suction line losses are negligible.

'?f; c. Pump Performance Curves. For any centrifugal pump, several curves can
2{._ be developed to show the relationships between flow rate, head, NPSHR, horse-
::: power, and efficiency. Performance curves are usually plotted with {low (pump

discharge) on the horizontal axis and the other characteristics plotted on the
vertical axis as shown in Figure l1-1. The characteristic curves for a
AN constant-speed centrifugal pump is based on a certain speed, impeller diameter,
Sl and fluid viscosity.

e (1) Head-discharge curves. The head-discharge curve “ndicates the
' relationship tetween the head or pressure develcped by the pump and the corre-

A
N
e

v e
0

‘.*‘ sponding flow rate through the pump. In most cases the flow rate decreases

F continuously with increasing head as shown in Figure l-1. As the head

" increases, the flow rate decreases to zero. The head at which zero flow occurs
,\:” is known as the cutoff head. As the head-discharge curve apprcaches maximunm
f:f: flow, the velocity in the impeller eye may become so high that the head-

’\;' discharge curve will drop abruptly in a vertical direction. The point where

this drop occurs is known as the cutoff discharge. The point corresponding to
the pump's maximum efficiency (Best Efficiency Point, BEP) is usually indicated

'-.5

S at shown in Figure 1-1.

AR (2) NPSHR-discharge curves. The NPSHR-discharge curve indicates the
SO required net positive sucticn head required in order to prevent cavitation for
- a given pump discharge. The NPSHR-discharge curve is a characteristic of the
.:) purnp and must be obtained from the manufacturer.

(3) Water horsepower—-discharge curves. Water horsepover is defined
as the power that is delivered by the pump to the fluid it 1s pumping. Tkre
water horsepcwer-discharge curve will generally slope upward from left to
right until a maximum is achieved and then slope dcwnward. The water
hersepower-discharge curve may be constructed using the fcllowing
relationship:

WHP = -‘—550 (1-4)
V:f where WHP = water horsepower
@
o Q = discharge, cfs
o h = pump head, ft
L ;
- v = specific weight of fluid (2.4 1b/ft  for water)
-.‘\.‘
- 1-3
' A6
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(4) Brake horsepower-discharge curves. Brake horsepower is defined
as the power required to drive the pump. Brake horsepower can cnly be mea-
sured using special Instrumentation, and {t is usually not measured in the
field. If the efficiency of the driver (ed) 1s known, the brake horsepower

ol

may be determined from the following equation:

P A

A

BHP = EHP * e, (1-9)
where BHP = brake horsepower
EHP = electrical horsepower

e, = driver efficiency
The brake horsepower-discharge curve for a particular pump generally slopes
upward from left te right in the opposite direction frem the head-capacity

curve (see Figure 1-1). At very high flow, the brake lhorsepower-discharge

curve may reach a maximum and then slope slightly downwarc.

(5) Electric horsepower-discharge curves. Electric horsepower (alsc
called wire horsepower) 1s defined as the power required to drive the motor
(driver) that is turring the impeller in the pump. Flectrical horsepower may
be determinea by measuring the electrical power used by the motor:

KW

ERF = 5,746

(1-6)

vhere EHP = electrical demand, horsepower

KW = electrical demand, kilowatts

The head-electric hcorsepower curve will also slope upward from left to right
as shown in Figure [-l. The electric horsepower-discharge curve for a parti-
cular pump-driver combiration will be higher than the brake horsepower-
discharge curve because of inefficiency of the driver.

(6) Pump efficiency curves. The pump efficiency curve will normally
rise gradually from left to right to a maximum at its best efficiency point
and then drop off as the head begins to decrease nmuch more rapidly than the
discharge increases (see Flgure 1-1). The pump cfficiency (ep) is defined as

the ratio of the water horsepower (WHP) to the brake horsepower (BHP):

PR

PR -'.

WHP
e -

o~ BWP (-7

(7) Driver efficiency curves. The driver efficiency curve is usually
fairly constant for most motors. The driver efficlency (e,) is defined as tle
ratio of the brake horsepower (RHP) to the electrical horsepower (EliP):

By Y
I.I.fs't."

BHP

€4 T EHD (1-8)

A8 ;,u
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(8) Wire-to-water efficiency curves. Vhen evaluating the overall
efficlency of a pump-driver installation, the most useful efficiency is the
overall (or wire-to-water) efficiency (Walski 1984). The wire-to-water or
overall efficiency (ew) is defined as the ratio of the water horsepower (WHP)

to the electric horsepower (EHP):

WHP

v = EWP (1-9)

e

Alternctively, the overall efficiency may be expressed as the product of the
pump efficiency and the driver efficiency:

= * -
ey, ep e, (1-10)

The wire-to-water efficiency curve will normally rise gradually from left to
right to a maximum at its best efficiency point and then drop off as the head
tegins to decrease nmuch more rapidly than the capacity increases (see

Figure l-1).

Section II: System Characteristics

o
P

5. Pump Operating Point. Although the pump characteristic curve: show the
relationship between head, flow rate, and efficiency over a wide range of pos-~
sible operating conditions, they do not indicate the point on the curve at
which the pump will be operating for a particular piping system. The operat-
ing point is found by determining the intersection of the head versus dis-
charge curve with what is called the system head curve of the distribution
network,

O
b }lv "- by

S

P
1 4

4. System-Head Curve. The system head curve for a particuiar distribtution
network represents the total head against which a particular pump or group of
pumps will have to operate as a function of flow rate. In order to develop
the system head curve for a particular system, the distribution network is
usually idealized as shown in Figure 1-2. The idealized system consists of
two tanks (the clearwell and the controlling elevated storage tank), two pipes
(the suction pipe and the pipe to the storage tank), and the pump. The system
curve may be developed by writing an energy equation between the two tanks and
plotting the total energy difference as function of discharge. The system
head curve consists of two components: the static head and the friction head
(see Figure 1-3). The relationship between the system head and discharge may
be expressed as:

-i- ]

* <

> !
4

Fdntade
NS
PANAN S

hsys(Q) - hs + hf (1-11)

where hqu(Q) = gystem head as a function of Q

L @V
b
<4 T .

SR
.8

hs = static head

v v

hf = friction head

1-6
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l Tank
static
head ,hs

|

Clearwell

()
Sucti&k-j Discharge

Line Line

Figure 1-2. Simplified Network

a. Static Head. The static head (h ) is the difference in the water sur-
face elevations of the two tanks. Since®the water level in the wet well and
the water level at the discharge point may vary, the static head will also
vary, resulting in a family of parallel curves corresponding to different
values of hB .

b. Friction Head. The friction head is equal to the head loss between
the two tanks. For the idealized system shown in Figure 1-2, the friction
head may be expressed as:

n n (1-12)
hf(Q) y Kst + Kde

where hf(Q) = friction head, ft

KS = guction line head loss coefficient

Qs = flow rate in suction line, gpm

Kd = discharge line head loss coefficient

Qd = flow rate in discharge line, gpm

For the idealized case, Q_ and Q are equal to the pump discharge. The
exact values for K and 7 will depend on the type of head loss equation
employed. For the Hazen-Williams head loss equation, n = 1,873 and K may
be expressed as follows:

4.73L
K= (1-13)
Cl.852 D4.87

1-7
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where L = pipe length, ft
C = Hazen-Williams coefficient
D = pipe diameter, ft

For systems with very short lift lines, minor lossec can be important. For
these tvpes of systems, all minor losses may be converted into equivalert
lengths of pipe through the use of standard equivalent length tables. Head
loss through the equivalent length of pipe can then be determined using the
Hazen-Williams equation.

5. Example. Consider the idealized network shown in Figure 1-2, The char-
acteristic curve for the pump is shown in Figure l-4. Develop a system head
curve for this system and determine the operating point for the pump for the
following conditions using the following data:

Clearwell Elevation = 100 ft Tank Elevation = 300 ft
L = [CO ft L = 10,000 ft
suc dis
DSuc = 12 irn, Ddis = 12 in.
C = 120 c,. =120
suc dis
. _ _ 4.73(100) . -
Ry = 0-067 = 1.852 %.87 Kggs = 6-671

120°° (12/12)

1.852 n = 1,852

=}
%

a. Static Head. hs = 300 - 100 = 200 ft

n
b. Friction Head. hf = KSQS + Kd

c. Total Head. h = 200 + 6.74 Q"

n D
QG = 6.74 Q

d. System Head Curve. The system head curve may be obtained by sub-
stituting values for flow rate (cfs) into the total head equation above and
solving fcr head as shown in the following table.

Q_(gpm) Q (cfs) H (feet)
0 0 200
500 1.116 208
1,000 2.232 230
1,500 3.348 264
1-9
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The pump operating point for a given static head may be obtained by super-
imposing the svstem head curve (developed above) on the head versus discharge
curve (Figure 1-4) as shown in Figure 1-5. 1In this problem, the pump will
produce 1,000 pgpm at 230 ft of head. Ideally, the operating point should be
near the point of maximum pump efficiency.

6. Network Idealiration. For single pump stations with single controlling
discharge elevations (e.g., a single elevated stcrage tank), the energy equa-
tion ray be writter from the clearwell of the pump to the elevation of the
controlliny discharge point (normally a water level in an elevated tank). For
a svstem with more than cne tank, the controlling tank can usually be deter-
mined bv writing equations between both tanks and then selecting the more
critical curve. These system curves are based on the assumption that there is
virtually no water used or lost between the two tanks. This is a reasonable
assumption tor many water supply pumps. However, in some water distribution
svstems, very large quantities of water can be consumed between the pump and
the nearest tank. In such cases, the system head curves will be affected. In
order to account for these effects 1t may be necessary to perform a simplified
retwork analysis of the system to generate the system head curve (Ormsbee and
Walski 1986},

Section I11: Driver Characteristics

The rajority of centrifugal pumps are driven by squirrel cage induction
rotors. For large, low-speed drives, synchonous motors may be used. Both
tvpes of motors are discussed briefly in the following sectiorns (Andreas
1982).

7. Irnduction Motors. The line current (IA) drawn by induction motor consists

of two components: the reactive current (IU) and the power-producing current

().
¢

a. Reactive Current. The reactive current is that current required to
nroduce the magnetic flux in the motor. This component of current creates a
reactive power requirement that is measured in kilovolt-amperes reactive
(kilovars, kvar).

b. Power-Producing Current. The power-producing current is that current
which reacts with the magnetic flux to produce the output torque of the
machine. This component of current creates the load power requirements mea-
sured 1n kilowatts (kW).

c. Total Line Current., The total line current drawn by an induction
motor is the vector sum of the reactive current and the power-producing
current. The vector relationship between the line current (IA) and the

reactive component (1 ) and load component (Ip) currents may be expressed by a
U

vector diagram as shown 1in Figure 1-t, wheve the line currcot 1X is the vector
sum of the two components.

d. Tctal Apparent Power. 1In the same way that the linc current wvas
related to the magnetizing current and the power-producing current, the total
apparent power (kVA) may bhe related to the kilovar power (kvar) and the

1-11
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kilowatt power (kW) as shown in Figure 1-7. For three phase motors, the
apparent power or kVA input to a motor may be expressed as:

kva = 1,V ¥3 : 1,000 (1-14)

#

where IX total line current, anps

A

voltage, volts

VA

]

total apparent power, watts,

e. Reactive Power. The reactive power is the power that must be supplied
by the electric utility company to produce the reactive component of the total
line current. Since the reactive current is 90 electrical degrees out of
phase with the applied voltage, it does no work and thus cannot be measured
with a standard kW meter,

f. Load Power. Most electric utility rates are based on the load power
(kW) instead of the total apparent power (kVA). Irf the reactive power (kvar)
and the apparent power (kVA) are available, the corresponding load power may

be obtaiued as follows:
s)
kW = V(kva)© - (kvaf?j (1-15)

load power, watts

where |3
kvar = reactive power, watts

§. TFower Factor. The power factor of a motor is defined as the cosine of the
angle 9 between the line current and the veltage. This vector relationship
can also be expressed in terms of the components of the total kVA 1input, and
is shown in Figure I-7. In this case, the power factor is the cosine of the
angle ¢ between the total kVA and kW inputs to the motor. The system power
factor can be determined by a power factor meter reading or by the ratio of
the load power (kW) to the total apparent power (kVA). Thus,

kW
Power Factor = VA (1-16)

Theoretically, the power factor may vary from 0 to 100 percent. A low power
facter causes poor electrical system efficiency. The total apparent power
must be supplied by the electric utility. With a low power factor, or a high
kvar component, additional generating losses occur throughout the system. To
discourage low power factor loads, most utilities Iimpose some form of penalty
or charge in their electric power rate structure for a low power factor. The
power factor for most Induction motors ranges from 50 to 90 percent. (Andreas
1982).

9. Example. The total line current to a pump driven by a squirrel cage
induction motor is measured to be 200 amps. If the line-to-line voltage is
measured to be 2.4 kV and the reactive component of the total apparent power
is measured to be 400 kvars, determine the kW power component and the power
factor of the motor as follows:
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kVA = (20C amps) = (2,400 V)% ¥5 / 1,000 = 831
kvar = 400 (given)
KW = Eés:v“ - (400)° = 728
= kW/kVA = 728/831 = ¢,88

ii. Synchreonous Moters. To improve the power factor for a given load, the
reactive load componernt (xvar) must be reduced. This corponent of reactive
power lags the power component (kW Input) by 90 electrical degrees. Une wav
to reduce the effect of this component is to introcduce a reactive power conm-
ponent that leads the power component by 90 degrees. This car be accomplished
bv nsing svnchreonous meters. Synchronous motors can be adjusted to operate at
& leading power factcr, thus providing leading kvars to offset the lagpping
~var of inductive-type loads such as induction motors. As a result, svnchro-
nous motors can be used tc cecrease or eliminate the power facrur cost asto-
ciated with the cperaticn of a particular pump. Synchronous motors can be
used to Izprove the overall ceost efficiency of a pump, but such motors are
venerally more expensive than stardard induction motors. As a result, svn-
ct.ronous motors are ncrmally used only for applications where larger herse-

powers are needed or where power factor correction is impertant (Andreas
1T OeNN

Section IV: &Electric Rate Schedules

Flectrical utility company rate schedules applicable to pumping units are
usually divided into three different coumponents: (a) energy consumption
charge, (b) derand charge, and (c¢) power factor charge (Reid 1980). Each of
these charges Is discussed below:

11. Energv Consumption Charge. The energy consumption charge is that portion
of the electric utility bill based on the kilowatt-hours of electric energy
consumed during the billing period. In many instances, the energy consunption
charge 1s based on a declining block rate (Andreas 19%2). As the total con-
sunption increases, the rate decreases. FInr example:

First 50 kWh: $3.60 flat charge
Next 450 kWh: 506.0621/kkh
Next 14,500 kWh: $0.0521I/kWwh
Over 15,000 kWh: 50.0231/kWh

Alternatively, the rates may be different depending upon the time of day or
the season of the vear. For example:

1-15
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Tire Period Surmer Winter
12 cidrnight to & a.m. $0.0295/kWhr $0.0205/kWhr
§ a.m. te 12 noon 0.C462 0.0395
Noen to 8 p.nm. 0.0624 0.0523
S p.m. to ridnight 0.0462 0.0395

n scme cases the energy charge mav be a flat rate per kilowatt-hour of con-

stumptivn (Patton and Hersely 198C).
12, lemand Charge. The demand charge is usually based on the maxirum power
Jemand In Ailcwatts during a specified time period, frequently 1 year. The
t!-e interval for determining the kilowatt demand 1s usually 15 to 30 minutes.
fo with the energy consunption charge, the demand charge may vary depending
tpon the time of day or the season of the vear. The demand charge is gen-

ev 1l 1 furction of an electric utility's fixed costs and the expenses faur

. : rlants, transmission lines, substations, and other items required
T sutioiy pedk loads on the system (Andreas 1982). It is usually given in
collars per rilowatt.

; Prwer Factor Charge. The power factor charge is used by some utilities
t~ -~crnpensate for the increased cost of supplying energy to consumers with

S ain clectrical lcad characteristics. Induction motors comronly used to
drive water pumps can exhibit low power factors which may result in power fac-
tor charres. Although the power factor charge may be treated as a sepdrate
chiarye, 1% I1s more commonly treated as an adjustment to the demand charge
Aldreas 19RDT),

’

Section V: Pump Efficiency
The cverall energy cost asscciated with a pump station r. y be reduced by
decroasing anv one of the three standard energy rate components diccussed in
the previcus sections.,

4. Power Factor Charge Reduction. The power factor charge can be decreased

v lmproving the power factor associated with a particular pump. The power

"tor can be improved by changing the motor load or the motor type, or through
cve 0f cupacitors (Patten and Horsley 1980).

. fner o tonsumption Charge Reduction. The total energy consumption charge
a-srciated with a particular pump station can be decreased by improving the
cierational efffclencles ¢f each pump., In order to evaluate the existing

cif!fciencv of a pump, it should first be field tested. Guidelines for fleld
testing purps and evajuating the resulting efficiencies are provided in Enclo-
sure .. Pumps with low efficlencies can be reconditioned or replaced. Fer
pump stations with multiple pumps, the energy consumption charge may also be
reduced bv operating the multiple pumps at efficient combined operating points,
Giidelines for determining the optimal cperating points for nultiple pumps are
giver in Fnclosure 3. When time of day energy pricinyg is used, pumping cost

1-16
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»
.
.
.

N

can be reduced by pumping more during off-peak hours. This tvpe 0! evaluatien
i{s described in Enclosure 4.

', Demand Charpe Reduction. Although the total energy censumption charges
associated with a pump operatlon can be decreased by evaluating the opera-
ticnal efficiencies of a single pump or multiple pump combirutions, such a
program rav have little impact on electrical demand charges. The recuction of
electrical derand charges usually requires medifications of the pump station
cperating procedures which would include operating pumps at ¢ fairlv constant
di{scharyge and installing additional elevated storage to meet peal derands
{Lackowlitz ard Petretti 1983). Guidelines for evaluating and improviug the
cperatioral procedures of a particular pump station are giver in Eoclosure 4,

y -
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FIELD TESTING INDIVIDUAL PUMPS 52

nl

E_

-

l. Introduction. Although pump characteristic curves for a particular pump ~?
can usually be obtained directly from the manufacturer, the actual field per- 2

formance may not correspond to the design engineer's expectations. Because of
this, all pumps should be field tested as a first step in any comprehensive
pump efficiency study. At a minimum. this will involve measuring discharge,
head, and energy consumption, in orar to calculate efficiency when the pump

RN SR
Py W

is operating. More thorough testiag would involve generating system head ?}
curves. Pump tests or pum; wolel tesce conducted by the pump manufacturer, as N
part of the pump supply contract and witnessed by the Government, in general, :2
are more accurate and less expensive than field tests. 3
2. Test Standards. Various standards have been developed by the Hydraulic éq

Institute (1983) and AWWA (1983) for use in testing pumps. General guidelines
for constructing the pump characteristic curves for constant-speed centrifugal
water supply pumps are provided in the following sections.

Section I: General Guidelines

3. Pump Characteristic Curves. The basic objective of most pump field tests
is the reconstruction of the pump characteristic curves from field data. 1In
general, two different pump characteristic curves are necessary to evaluate
the performance of a pump: the head versus discharge curve, and the wire-to-
water efficiency versus discharge curve. The head-discharge curve can be
constructed directly from field measurements of pressure and flow. The
wire-to-water efficiency (ew) versus discharge curve can be constructed form

the water horsepower (WHP) versus discharge curve and the electrical horse-
power (EHP) versus discharge curve using the following equation:

_ WP

v " TP (2-1)

where e, - wire-to-water efficiency
WHP = water horsepower, hp

EHP = electrical horsepower, hp

The water horsepower versus discharge curve can be constructed directly using
the data from the constructed head-discharge curve and the following equation:

S
A A

Qh_vy
e - B @2

(ol "]
@
= where WHP = water horsepower

hY
g
v Q = discharge, cfs
o
1) \-
9& ENCLOSURE 2
.J‘".
.$~.
e 2-1
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h = head, ft
P
Yy = specific weight of fluid
= 62.4 1b/ft3 for water

The electrical horsepower versus discharge curve may be constructed directly
from the test data using the following equation:

FHP = 0.746 (2-3)

r
-
1]
la}
1]
m
jasy
ja~]
]

electric power, hp

e
¥,
]

electric power, kilowatts

“a

In summary, both the head versus discharge and the efficiency versus discharge
curves can be constructed from three different tvpes of data: pressure (head)
readings, flow readings, and power readings. All three types of data can te
cbtain during a standard pump field test.

4. Test Procedure. The general procedure for field testing a pump involves
measuring the head on the pump and the corresponding flow rate and electrical
horsepower. The discharge head on the pump may be changed bty throttling
valves downstream of the pump. In order to collect the necessary data, the
rurp 1Is usually started with the discharge valve closed. This condition
allows a head reading for the cutoff head of the pump. After this head has
been determined, the discharge valve is then slowly opened in several discrete
steps. After each step, a few minutes should be provided for transient effects
to dampen. unce steady ccnditions have been obtained, the discharge and elec-~
trical horsepower readings corresponding to the measured head can be cbtained.
After the valve has been completely cpened, the valve can be slowly closed
using the same discrete steps as before. This procedure will thus provide two
sets of readings for each test.

5. Multiple Pumps. When multiple pump stations are hcing tested, one pump

may be fully operned and others may be added successivelv to determine the tctal
flow from the pump stations as each unit 1s brought onlire. 1In this manner,
the incrementzl flows that the units centribute to the distritution svsterm can
be established and the inefficiencies involved under specific operating condi-
ticns can be identified.

6. Tecst Preparation. Before conducting any field test, it is best to vis!it
the pump station beforehand to determine what type of gages are available arnd
what tvpe of testing equipment may be needed. In addition, it is usually
helpful to prepare a data sheet for use 1in recording and recducing the test
data for each pump. A typical data sheet is shown as Figure 2-1, along with
the equations needed to reduce the data.
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PUMP CALIBRATION TEST PUMP STATION
DATE TIME
FUMP NUMBER CLEARWELL ELEV
MODEL NUMBER PUMP ELEV
SEKIAL NUMBER TAKK ELEV
RATED DISCHARGE RATED HEAD
RATED SPEED RATED POWER
MEASURED QUANTITIES COMPUTED QUANTITIES
UPSTREAM DOWNSTREAM ELECTRICAL (1) (2) 3 (4
FLOW PRESSURE PRESSURE POWER HEAD WHP EHP
P (CFS) (PSI1) (PS1) (RW) (FT) (2) (2) Y
Zi (1) PUMP HEAD = 2,31 * (DOWNSTREAM PRESSURE (PSI) - UPSTREAM (2-4)
“ PRESSURE (PSI))
- (2 WATER HORSEPOWER = FLOW (CFS) * PUMP HEAD (FT) * y/550 (2-5)
(3) ELECTRICAL HORSEPOWER = POWER (kW)/0.746 (2-6)
(4) WIRE-TO-WATER EFFICIENCY = WHP/EHP (2-7)

Figure 2-1, Test Pump Data Sheet

Frample Problem. Consider the pump system shown in Figure 2-2. From the
measured quantities tabulated below, develop head versus discharge, water
horsepower versus discharge, electrical horsepower versus discharge, and wire-
to-water efficiency versus discharge curves. The pressure (p) readings were
made at a pressure gage downstream of the pump (elevation 930 ft), while the
dfscharge and power readings were being measured. The computation steps

i required fer construction of the pump characteristic curves are shown below.
. The [irst data point from the measured quantities is used in the example com-
Ol putations. The results for the entire data set are tabulated as computed
~ quartities. The resulting characteristic curves are shown in Figure 2-3,

S
ff- ~ Measured Quantities Computed Quantities )
Q oP Power hp e
(gpm) (psi) (kw) (ft) WHP EHP v
1,053 87 58 181 48 78 62
850 96 56 202 43 75 58
60 102 53 215 36 71 51
) 115 43 245 0 58 0
2-3
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R
o a. Pump Head. The pump head is calculated by subtracting the head
.~ upstream of the pump from the downstream head:

EAKS - - -

~,i:. hp Hd HU (~ 8)

j:‘:.: (1) Upstream head.

- H = 950 - losses in suction line
(For the example problem, suction line losses are negligible.)

--'-
:-:"- (2) Downstream head.
!
:;.: Hd = 930 + 2.31P + V2/Zg + losses between pump and gage
) =
’. v2/2g [Q/(vD%/4)12/2g = [(Q/448)/(n * 1/4)1%/64 = 1.2 x 107 Q?

:',:j:'. (Thus, the velocity head is negligible.)

~T

:/ (3) Pump head.
o .
@ b = 930 + 2,31P -~ 950 = 2,31P - 20
o P
:::-: For example, for Q = 1,053 gpm and P = 87 psi, hP = 181 ft.
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b. Water Horsepower.

ey

.
PP i

(Q/448) hp(62.4)
550

WHP = = (0.000253) Q H

Y
0

j WX

For example, for Q = 1,053 gpm and H = 181 ft, WHP = 48,3 hp.

c. Electrical Horsepower. i‘
kW i‘
EHP = 0.746 = 1.43 kW ':.:

A

For example: for Q = 1,053 gpm and kW = 58, EHP = 77,7 hp.

d. Wire-to-Vater Efficiency.

_ WHP
€ T ExF
For example: for Q = 1,053 gpm, WHP = 48.3 hp, and it = 77,7 h_,

e = 0,62, p
w
Section Il1: Field Measurenments

As indicated previously, the head-discharge and head-erficiency c'.aracteris-
tics curve may be constructed from corresponding measurements of head, dis-
charge, and power. Guidelines for measuring each of these cuantities are
provided in the following sectionc,

8. Head Measurement. The head values used In constructing the head-discharge
curves correspond to the net head delivered by the pump. The net head (hp)

may be obtained by subtracting the head measured on the suction slde of the
pump (HS) from the head measured on the discharge side of the pump (Hd) (sere

Figure 2-4). In equation form, this may be expressed as:

hp = Hd - Hs (2-9)

where hp total head delivered by pump, It

Ha

discharge head, ft

HS = guction head, ft

Both the suction head and the discharge head are composed of three different
components: the elevation head, the velocity head, and the pressure head. In

general, the total head on either the suction side or the discharpge side of :ﬂ
the pump may be expressed as: }ﬂ
) o

Hez+V"/2g + P/y (2-10) .a;

4

2

=N

2-6 o
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Figure 2-4. Pump Head Measurement
where z = elevation, ft
V'/2g = velocity head, ft
P/y = pressure head, ft
V = velocity, ft/sec
P = pressure, psf

If the suction line and the discharge lines both have the same diameter and
the elevations at which the pressures measurements are made are essentially
the same, the net head will simply be the difference between the suction
pressure and the discharge pressure expressed in feet:

hp = 2.31 (Pd - Ps) (2-11)

where Pd = discharge pressure, psi

PS = suction pressure, psi

a. Suction Pressure. Due to the low pressures normally associated with
the suction line, compound (pressure/vacuum) gages, water columns, or manom-
eters are commonly used to measure the suction pressures. When water columns
are used, care should be taken to avoid errors due to the difference between
the temperature of the water in the gage and that of the water in the pump
(Hydraulic Institute 1983).

b. Approximate Suction Head. In i{nstallations where the water is being
lifted out of a clearwell and a suction gage or manometer is not available, an
approximate head can be obtained by measuring the vertical distance from the
level of the water in the clearwell to the center of the discharge pressure

Lf“"‘lku o
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gage, adding an appropriate value for loss in bends, velocity head, etc.
(Gros 1983).

’
[N

c. Discharge Pressure. Due to the high pressures normally associated
with the discharge line, mercurv manometers, bourdon gages, and electrical
pressure transducers are usually used to measure the discharpe pressure.
Before and after bcocurdon gages or pressure transducers are used, they should
be calibrated.

g

L ]

",
-

d. FIressure Taps. In order to measure the head differential across a
pump, the head-measuring instruments must be attached to both the suction and
discharge ends of the pump. In most cases pressure taps are generally avail-
able for such purposes. For those installations where such tups are not
available, they should be installed using the guidelines established by the
Hydraulic Institute (1983).

e. Flow Requirements. It {s Iimportant that steadv {lcw conditions exist
at the pcint of instrument connection. For this reason, it {s generall~
necessary that the pressure cor head measurement bLe taken on . scction of pirpe
where the cross section iIs constant and straight. Five to ten clareters of
stralght pipe of unvarying cross section followiny anv elbow or curved ~ember,
valve, or other obstruction are necessary to ensure steadv {lew conditioene
(Hvdraulic Institute 1983).

f. Head Loss Requirements. 1{ the pipe frictiorn loss hetuween the pomp
discharge flange and the poirt of instrument connection can be significant, it
should be added to the total head. The friction {actor uved for the calculu-
tion stould be bared on the apprupriate reuguness for the dctual pipe sectiorn,
A puotential problem in conducting fileld tests is the head 1o through [ ar-
tially closec valves. As a result, pressure head measurenment: s=hould Le rod
between the pump and the valves where possible.

9. Flow Rate Measurement. Liquid meters may be classified into two dirferent
functional groups. One group primarily measures quantity wirile the otler
rrimarily measures rate of flow. Quantity meters include weighing meters and
volumetric meters. Rate meters, include head (kinetic) metcrs, area meters,
head-area meters, velccity meters, and additional special methcds. General
guidelines for the use of these meters may be obtained from the Hydraulic
Institute (1983) Standards and Walski (1984b).

a. Kinetic Meters. Probably the moct commonly used reters are the head
(kinetic) meters. Meters falling into this classification include venturi
meters, nozzle meters, and orifice plate meters. For meters of this tvpe, the
average discharge may be obtained using the following equation:

Q = Cv¥2g (&h) (2-12)

where Q = discharge, cfs
C = meter coefficient

Ah = head differential across mecter, ft

2-8
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2
g = gravitational constaut (32), ft/sec”

The discharge coefficient is available from the manufacturer. Measurement of
differential head 1is described below.

b. Differential Head Measurement. Several types of devices are available
for measurement of the differential head across the meter. These range from
manometers In which the difference in pressure is balanced by different
heights of fluid columns, to bellows-type differential pressure gages in which
the change in position of the bellows 1s converted into a dial reading, to
electronic pressure transducers where differential pressure 1s converted into
an electrical signal. Manometers to be used with water can further be
subdivided into heavy and light l1iquid manometers, depending on whether the
manometer liquid is heavier or lighter than water, and air-filled manometers
in which air is used as the ranometer fluid. Differential pressures can also
be obtained by measuring the pressure using two pressure gages and subtracting
the readings. For water distribution systems, gage pressure is usually much
higher than the differential pressures and, therefore, this two-gage approach
is not sufficiently accurate. A discussion of the merits of each of the above
approaches is provided by Walski (1984a).

10. Horsepower Measurement. The electrical horsepower required bv the pump
is determinec by measuring the kilowatt demand directly or by calculatirg the
kilowatt demand using measured values of voltage and current. For stations
where the power demand for each pump has been Instrumented, the readings wmay
be obtained directly from the instrument panel. However, care should be taken
to ensure that the instrumentation has been properly calibrated (Lackowitz and
Petretti 1983),

a. Direct Measurement. For those stations where irstrumentation is not
provided, the power may be measured from the electric meter. lormally, the
integrations on most electric meters in pumping stations cannot be read
closely enough to be accurate. However, by counting the number of revolutions
on the revolving disk, an estimate of the power uptake may be cbtained using
the following equation:

Power (kW) = 3.6 * (drps) * (Kh factor) (2-13)
where drps = disc revolutions per second
Kh factor = a disc constant
The Kh factor represents the hundredths of kilowatt hours per revolution and
i{s usually stamped on the meter face. If the meter includes other power uses
in addition to the pump, these uses must be subtracted. 1In this case, care
must be exercised to ensure that other equipment does not kick on during the

pump test (lLackowitz and Petretti 1983).

b. Exarple. If a watt-hour meter revolves at 1¢ rym and the Kb Jactor
for the meter 1s 52.5, determine the power usage.

drps = (12 rev/rin) * (1 w!n/60 sec) = 0.2 rps




Power (kW) = 3.6 * 0.2 * 52,5 = 37.8 kW

c. Indirect Measurement., Where standard kilowatt meters are not avail-
able, the power input can also be determined indirectly. This is done by
leterrining the line current (asmperes), the line-to~line voltages (volts), and
the power ractor on the load side of the motor-starting device by using a
slu=phase watt meter or watt/VAR-power factor/volt-ampere (PF/VA) derand
meter., Thece tvpes of meters can be purchased or rented from several leading
manulacturers of electrical instrumentation and measuring devices., Sore of
e metfery are fairly sophisticated, incorporating digital or dial displavs
and Jata-recording features. In general, this approach is better than deriv-
fag the power consumption from a standard kilowatt meter device since the
rower factor for the prime mover can also be obtained. However, due to the
danvcer invelved, such tests should only be done by a skilled electrician
‘Lacrowitz and Petretti 1983).,

re

d. Example. If the line current is measured to be 200 amps and the

vrltnge 1s meastured to be 2.4 kV, determine the power demand in kW0 i the
sower factor for the motor 1is determined to be 0,70.

Pruer kW) = PE ORI, KV X Y3 : 1000

H

0.70 * 200 amps * 2,400 volts * ¥3 : 1,000

i

732 kW

Section IIT: Pump Efficiency Evaluation

iorn ¢f Pump Operation. Once each pump has been field tested, both the
sad-lisckarge and the discharge-efficiency curves f{or each pump should be
cotruetod using the test data. Once these curves have beer developed thew
“anll bhe ryuperimposed on the band of system head curves for the corresponding
nerwork as ebown In Figure 2-5, The {ntersection of the bard ¢f systen head
the nump head-dlscharge curve corresponds to the region of
crel rune o ~peration. The band of curves may be obtalned b plotting the
moiod o mindmum system head curves as shown In the figure. The hiyphest
wrve would cerrespord to the suction tank beirng nearly empty, the discharge
orr Pedng Tull, other pumps pumping into the downstream pipes, and most water
wre telry located bevond the tank. The lowest curve would correspond to the
comiite cerditions (fle., suction tank full, discharpe tark near!: enptv, ne
tter pumne vperating, and most water use occurring between the punp and tle
“{zohar e tank).  The point on the curve determined with rere of the valves

crnratried ~heuld fall between the maximum and minimum svstem head curve unless
usual cenaitions existed on the svstem at the time of the testing.

ficient Operatiaon, For efficient pump operation, the hLead
«clurge curve stenld intersect the band of system bhead curves (n the
reyicn of maxinun effictercy. Over a period of several vears the actual
cparating point mav change !rom the original design peint due to wear on the
rump or chanyves In the svstem. If the pump 1s ncot operatiny rneuar the region
of zmaxi~um efficlency, efther the band of system head curves or the pump
characteristic curve may be rodified in order to shift the Intersection point

44 the 2wo curves to the desired region.
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13, Modification of the System Head Curve. If the actual operating point
lies to the right of the desired region, the operating point may be shifted to
the left by raising the system head curve. This may be accomplished by adding
additional head loss to the system. Additional head loss may be added to the
systen head curve by a valve downstream of a pump. Although such a procedure
will Indeed result in additional head loss, in some cases it may actuallv
result in lower energy costs due to improved efficiency. If the actual
operating point lies tc the left of the desired region, the operating pcint
ray be shifted to the right by lowering the system head curve. This mav be
accemplished by decreasing the head loss in the system. One possible wav to
decrease the head loss would be to add parallel lines te the main supply line
or have the existing lines cleaned.

14, Modification of the Head Discharge Curve. The alternative to rodifving
the svstem head curve 1in order to improve the efficlencv of the operatirg
point is to modify the head discharge curve of the pump. The head discharye
curve may be modified by either changing or modifyirg the existing pump
impeller, or using a driver with a different speed.

15. References.
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b. Gros, W. F., 1983, "Wasting Fnergy? Use This Simple Method to Check
Pump Efticlencies," Proceedings of the AWWA Summer Convention.

¢. Hydraulic Institute, 1983, Hydraulic Institute Standards {or
Centrifugal, Rotary, and Reciprocating Pumps, Cleveland, Ohio.

d. lackowtitz, G. W., and Petretti, P. J., 1983, "Inproving Frergy Effi-
ciency Through Computer Modeling,'" J. AWWA, Vol 25, No. 10 pp 510-51%.

e. Walski, T. M., 1984a, "Application of Procedures for Testing and Eval-
uating Water Distribution Systews,” Technical Report -L-85-5, US Armv
Engineer Waterways Expertment Station, Vickshturg, Miss.

f. Walski, T. M., 1984b, Analysis ot hater Distritution Systems,
Van Nostrand Reinhold, New York.




Ao

“,, . '0. .x' Al‘

."

ETL 1110-1-

MULTIPLE PUMP OPERATION

1. Introduction. For multiple pump staticns, potential energy savings can be
identified by examinatioa of the overall efficiencies associated with the
operation of different combinations of pumps. Although different combinations
of similar pumps may deliver the same approximate flow rate, some combination
for each flow may be less costly because of differences in pump efficiencies.
In some cases, the efficiency of a pump when running alone can be signifi-
cantly different than whern it runs in conjunction with other pumps.

Section [: Instantaneous Operation

l. Composite Pump Curves. 1In order to identify which combination of pumps is
most efficient for a given flow rate, the composite characteristic curves for
eact combination of pumps rust be superimposed on the system curve of the
appropriate service area. The intersection of these two curves will indicate
the combined operating point (head and combined flow) for the particular
combination of pumps (Matsumoto and Mays 1979).

a. Parallel Purps. The composite characteristic curve for a set of pumps
in perallel can be obtained by adding the capacities of the two pumps at each
head (see Figure 3-1). Discharge does not increase at heads atove the maximum
head ¢f the smaller pump. In addition, a second pump will produce flow only
when 1ts discharge head 1s greater than the discharge head of the pump already
running. When the parallel characteristic curve is plotted with the system
tiead curve, the operating point is the intersection of the system head curve
with the A+B curve. For parallel pumps, each pump will be pumping against the
s~me head. The f{low rate and efficiency for each pump can be ohtained by
referring to the pump characteristic curves for each individual pump and then
reading off the flcw rate and effliciency values corresponding to the total
head.

b Series Pumps. The composite head-discharpge curve for a set of pumps
in series can bte plotted by adding the heads of the two pumps at each flow

rate (see tigure 3-2). When the series head~discharge curve is plotted with
the svstem head curve, the operating point is again the intersection of the
system head curve with the A+B curve. For series pumps, each pump will be

pumping the same discliarpe; the head and efficiency for each pump can be
obtained bv referriny to the pump characteristic curves for each indivicdual
pump and reading the head and erfticiencv values corresypending to the total
discharge.

3. Frergy Consumption for PupgﬁCOmbinations. When more than two pumps dare
present, the sare procedure discussed above can be applied to each possible
pump combination. OCrce the cocbined operating point ror each purp combination
has been deterrined, the head, flow rate, and wire-to-water efficiency
assoclated with each pump should be determined. Once the head, flow rate, and
etticiency of each pump has heen determined, the total required kilowatt power
for the svstem of purps can be determined using the following equation:

ENCLOSURE 3

3-1
A33
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1
<

kW

where

kW = required power,
= total number of
= pump discharge,

Q
1=1 550 e

i AR i e At s e e et s~ et i s

Calie giirald™) (2N ol ait it . Culbh . . it}

I
i h v hoy 0,746 « o
Lk 0,746 = 2L 20 ¥ 2

746 550 i=

1 bey

kilowatts
pumps
cts

o

pump head, ft
= specific weight of fluid,
= wire-to-water efficiency,

lb/ft3

fraction

D < JT0H
1]

For a given kilowatt demand charge and an enery. price rate, the cost of each
pump combiration may be determined. Once the cost of each: cemhiration has
been determined, each combination may be ranked frerm the most costly to the
least costly. It 1s best to make cost comparisors on a cost per unit volure
basis (e.g., cents per thousand gallons, kgal). Cnce this fas Leen
acconplished, the most efficient pump combinaticn for a given fleow rate can be
determined.
4, Example. For the combined operating point (feor two parallel pumps)
in Figure 3-2, determine the total kilowatt demand and ererp;v cost o:
per kilowatt-hour.

st.own
9 cents

a. Pump Head (from Figure 3-3).

Total Pump Head = 200 ft

b. FPump Discharge (from Figure 3-3).

Discharge for Pump A = 1,000 gpm = 2.23 cfs
Discharge for Pump B = 1,600 gpm = 3.57 cfs
c. Pump Efficilency (from Figure 3-4).

Efficiency for Pump A (§Q = 1,000 gpm), e = (G.76
Efficiency for Pump B (Q = 1,60C gpm), e = 0.78

d. Kilowatt Demand.

PR

.
PRI
.ll..
f

. 2 q
. _hy 0.746 s “i _ 9,310 2.23 3.5 L e Lu
® WTTESe dmie, T ss0 (5% * 35) 27 ki
"
L e. Cost.
- (127)(0.09) = $11.4/hr
- $100,127/yr
Qn :
< f. Unit Cost.
' $11.4 ( min )(1,000 gal)( hr )(1ooc)
s hr 12,600 gal kgal 60 min $ :
. = 7.3 C/kgﬂl .
.
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: Table 3-1 shows these calculations for several tank levels (low, medium, and

; high) and each pump and combination. 1In general, it is less expensive to

™ operate pump A than pump B, and pump A and B should only be operated together

~ when demands are very high.

N

: Table 3-1. Unit Cost for Example Problems

ﬁ

[

i

- Pump Sy« tem Q. ,cfs total
. Running Curve Head h, ft 1’ 1 cfs kw ¢/kgal

b A LOW 123 3.49 0.68 3.49 54 5.1
¢ 3 LoW 137 4,22 0.72 4,22 68 5.4
A+ 3 LOW 193 2.38 0.76 6.09 130 7.2

e 3.71 0.76 ¢
. ’
- A MED 138 3.29 0.70 3.29 55 5.6 :
&) 3 MED 152 4,03 0.74 4,03 70 5.8 ‘<
! A+ B ¥ED 200 2.23 0.76 5.80 127 7.3 )
] 3.57 0.78 :
. A HIGH 152 3.10 0.72 3.10 55 6.0

- B HIGH 166 3.92 0.75 3.92 73 6.3

. A+ 3B HIGH 207 2,02 0.76 5.56 126 7.6

. 3.54 0.78
)

Section II: Extended Period Pump Operation

L 5. Operating Policies. Although the previous procedures will allow the deter-
: mination of the erergy consumption and unit cost for a given set of conditions,
- the optical combination may change as the system conditions change (e.g., tanks
3 fill, demand varies). In practice, most pump operations are not changed con-

3 tiruously but kept constant over longer periods of time (e.g., several hours).
For example, the operator can use a table such as Table 3-1 to select the least
costly purp or combination to operate at any given time. The operator is not
s0 much interested 1n selectirg the optimal combination as he is in avoiding
very ine:ificient combinations. However, Iin some cases, an operator may want

to determine the cptimal pump combination for the average set of conditions
over a period of several hours. Such a procedure is presented below.

v -"_1.._1"- .

A

s
e l'L‘.‘.

a4

6. Furp Cperation Graphs. For extended pump operations the optimal pump
combination for a set of pumps mav be determined graphically using a pair of
simple-pump operation graphs. The first graph 1s called a static head-
discharge graph and contains plots of discharge versus pump static head (not
actual head) for an individual pump or combination of pumps. The second graph -
is called a static head-unit cost graph. This graph contains plots of static ]
purp head versus the unit cost. The graphs are illustrated in Figure 3-5 for
the sinple case of a pump statlion with two different pumps. Static head is
used in these graphs since it can be determine simply by subtracting the water
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levels in the discharpge and suction tanks, Unlike the pump head, it (s
independent of which pumps are operating,

a. Static Head-Discharye Craph. The static head versus dischirge graph
is constructed by superimpesing the composite head versus discharge curve for
each pump combiration on the svstem head curve. Fach curve can then be
developed by plotting the flows associlated with the combined operating points
for different values of static pump head,

b. Static Head-Unit Cost Graph. The static head versus unit cost graph
is constructed by plotting the unit cost associlated with each discharge and
puzp combination versus the corresponding static pump head. The unit cost for
a single pump can be obtaired using the following equation:

Lnit Cost (c¢/kgal) = O.UOBIQhP/ei (3-2)

where
t. = pump head, ft
price of clectricity, ¢/kWhr

~3
"

The unit cost for a multiple-pump combination wmay be obtained using the
following equation:

>0 /ey
2 Y

lrit Cost (¢/kgal) = 0.00312hP (3-3)

where
. = flow rate associated with pump 1, gpm

1]
i

overall efficiercy associated with pump 1

7. Exazple. Using the head versus discharge curves and the discharge versus
effliciency curves for the two parallel pumps (pumps A and B) shown in Fig-
ures 3-€ and 3-7, generate static head versus discharge and static head versus
efficfency curves for the band of system-head curves (static heads ranging

LAYt

;E from SC te 120 ft) shown in Figure 3-6. 1In generating the unit cost curves,
N assure a power cost of $0.10/kWwhr.
;.f a. Pump A. Using the pump hLead characteristic curves for pump A and the
L J disclarge-efficiency curves shown in Figures 3-6 and 3-7 for pump A, construct
.5: the fcllowing table:
e
AN Static
A Head Flow Head Efficiency Unit Cost
o (ft) {gpm) (ft) (Z) (¢/kgal)

80 1270 97 0.80 3.76

90 1180 106 0.21 4.06

100 1100 114 .82 4.31

110 1020 122 0.83 4,56

120 540 128 .82 4.98

3-9
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Kl Once the table has been constructed, the relationship between static head and

. discharge (static head versus discharge graph) and the relationshtip between
. static head and unit cost (static head versus unit cost graph) can he plotted
N on Figure 3-5. A
i" b. Pump B. Using the pump head characteristic curves for pump B and the
- . discharge-efficiency curves shown in Figures 3-6 and 3-7 construct the fol- )
v lowing table: K
‘ ‘, w]
o Static 4
S0 Head Flow Head Efficiency Unit Cost
- (ft) (gpm) (ft) (ft) (¢/kgal) y
- 80 1060 91 0.77 3.66
5 90 940 100 0.81 3.83
100 860 108 0.83 4.03 Ny
Y] ]
k. 110 770 114 0.84 4.21 .
~ 120 610 124 0.84 4.58 3
\l ¥
~ Once the table has been constructed, the relationship between static head and L'
- discharge and the relatiorship between static head and unit cost can be
- plotted on Figure 3-5. i’
:.: c. Pumps A and B. Using the combined head versus discharge curve for .
- pump A + B and the system head curves shown in Figure 3-6, the combined =
‘ operating point for each static head can be obtained. For each operating ¥
- point, the resulting total pump head can be obtained. Once this head has been >
- obtained, it may be used with the individual head versus discharge and dis- 4
;; charge versus efficlency curves of each pump to determine the corresponding ;:

g discharges and efficiencies associated with each static head value. The unit N
o cost values for the combined case may be obtained using Equation 3-3. The -

resulting values are tabulated below.

. Static Total Flow Flow Eff. <)
v Head Head Flow Pump A Eff. Pump B Pump B Unit Cost .
/- (ft) (fr) (gpm) (gpm) (%) (gpm) (%) (¢/kgal) Ny
:jt 80 119 1,770 1,050 0.83 720 0.84 4,44 N
, 90 124 1,630 1,000 0.83 630 0.84 4,63 r
. 100 128 1,520 960 0.82 560 0.84 4.82 o
: 110 134 1,380 900 0.82 480 0.82 5.09 o]

120 138 1,250 880 0.82 370 0.78 5.32 'f

Once the relationship between the static head and discharge and the static
head and unit cost have been determined, these values can be plotted on o
Figure 3-5.
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o 8. Application of Pump Operation Graphs. Once the static head-discharge and
=~ the static head-unit cost graphs have been developed, they can be used to
. determine the most efficient pump combination for a set of specified operating
L .
" conditions over a specified period of time., The procedure for using the
»{f' graphs to obtain an optimal pump combination is summarized below.
Al
L*w a. Step l. Starting with an initial static head (i.e., the difference in
t water surface elevation between the pump clearwell and the controlling
S elevated storage tank), determine the desired static head at the end of the
o desired operating period (e.g., 3 hours). The desired static head can be
3 {: obtained by subtracting the projected clearwell surface elevation frem the
‘.:\ desired surface level in the elevated storage tank. Once both static heads
(:‘ have been determined, calculate the average static head for the specified
cperating period using the following equation:
N
oA - - B + - 2. -4
N havg (Hdisi Hsuc, + Hdis. - Hsuc, Yy /2.0 (3-4)
on
) where
S h = average static head, ft
- avg
:il Pdisi = {nitial head in discharge tank, ft
S tisuc, = initial head in suction tank, ft
v Hcis, = final head in discharge tank, ft
.:}: Hsuc = final head in suction tank, ft
A
’ {f all heads remain constant during the specified operation period, then:
h = Hdis - Hsuc (3-5)
avg
. Step 2. Next, determine the total volume of water expected to be
dermanded during the specified operating period. This requires knowing the use
rate as a function of time of dav, day of week, season, etc, The total amount
of water that must be supplied during the specified operating period can be
. obtzined from the followirg equation:
-_"-.
e, = + 5 * - (3-6
T Ve =Yy A ank (Hdisf Hdisi) )
:i: where
; Vs = total volume to be supplied, ft3
Vd = total volume demanded, ft3
= 8.02 * At (hr) * Q (gpm)
Atank = average cross-sectional area of tank, sq ft
4 Hdisf = dJesired elevation of tank at end of period, f{t
A, Hdisi = elevation of tank at the beginning of the perfod, ft
R
;}: c. Step 3. Once the total required volume of water to be supplied'hns
Nf{; been determined, calculate the average flow rate required to deliver this
‘% volume using the following equation:
i Y.
¢
Y
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= (0.125 * -
Qreq c.125 VS/To (3-7)
where
Qreq = the required average flow rate, gpm
Yq = total volucme to be supplied, cu ft
TO = time period, hr

d. Step 4. Once the average static head and the average flow rate have
teen determined, enter the static head versus discharge graph and draw a
vertical lirne through tlie various curves corresponding to the average static
head for the specified operating period. Now mark the points of intersection
of this line and eachk of the pump combination curves. Each of these points
represents the average operating point of the particular pump ccembination
asscciated with the averapge static head. Next, mark a point on this line
corresponding to the recuired average flow rate (see Figure 3-8).

Normally the required operatinyg point will not correspond to one of the actual
vperating points for a particular pump combination. Instead, some of the
points wilil be above the required point and some of the points will be below.
The desired flow rate may be supplied using a combination of a point above and
a pcirt below (where each point will correspond to either an individual pump
or a combination of pumps). The intersection of the static head line with the
vertical axis of the graph {(corresponding to zero flow) may also be considered
one o: the possible points belcw the operating point.

e. Step 5. Once the required operating point has been plottred, next
determine all the feasible combinations of operating points between a point
above and a point below the required operating point (see Figure 3-9). Next,
determine the flow rates associated with each point. These flow rates way be
determined directly from the vertical axis of the graph (see Figure 3-10).

For each feasible combination of a point above and a point below the desired
operating point, determine the percent of time required for each point in order
to satisfv the required flow rate (see Figure 3-11). These percentages can be
cbtrained by solving the following equations for fa (the fraction of time

required for the pump combination above the desired operating point) and

b
(the fraction of time required for the pump combination below the desired
operating point).
. = * fe -
Qrec, Qb fb * Qa ) fa (3-8)
where
= ( - ( -
fb 'Qreq Qb)/(za Qb)
= - f
fa (1 “b)
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f. Step 6. Using the same combination of points selected in step 5 deter- 4
mine the unit costs associated with the flows for each of the operating points s

.
2%a'a’s

for each combination. These costs may be read directly from the static head-
unit graphs as shown in Figure 3-11.

g§. Step 7. Using the unit costs obtained from step 6, determine the total
operating cost for each of the different operating combinations using the
following equation:

Ci = 0.0006 To( faQaCa + bebe) (3-9)
where
Ci = cost of operating combination 1
TO = total operating period, hours
Ca = cost of operating combination above Qreq
Fb = cost of operating combination below Qreq

%, Step 8. After the cost for each operating combination has been
chtained, the costs can be ranked and the most cost—effective combination
selected.

¢. Example. During the next 4 hr, an operator wishes to raise the water
level in an elevated tank from 479 ft to 481 ft while the clearwell water
level is constant at 370 ft, The average cross-sectional area of the tank is
7,854 sq ft (50-ft radius) and the water use 1Is 600 gpm during this time.
Using the average static head versus discharge and average static head versus
unit cost curves developed in the previous example, determine the optimal pump
ccmbination that will meet the required conditions.

ttben il RO RE M ot atiodicetimsand] BN e dnd s st R B BN e * o L B Belache e n w AV ES

a. Step 1.
Hdisf - Hsucf + Rdisi - Hsuci 481 - 370 + 479 - 370

h - = = 110 ft

avg 2.0 2

b. Step 2.

Vd = 600 gpm * 60 m/hr * 4 hr * 0,1337 cu ft/gal = 19,250 cu f¢t

; =V * - = + * -
\s \d + Atank (Hdisf Hdisi) 19,250 cu ft 7,854 sq ft (481 479)

= 34,960 cu ft

c. Step 3. ﬁ
Q = 0.125 * V /T = 0.125 * 34,960 cu ft/4 hr = 1,092 gpm

req s "o

d. Step 4.

See Figures 3-9 and 3-10.
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e. Steps 5-8. Referring to Figures 3-9 and 3-10, three different pump
operation combinations can be identified: Pumps A + B, Pump A and
Pumps A + B, and Pump B and Pump A + B. For each combination, a unit
cost must be determined:

(1} Pumps A + B,

Qb = 0 (No pump on) Qa = 1,380 (Pumps A + B)
£ = 1,092 - 1,380 _ " £ = 0.80

b 0 - 1,380 0.20 a

Cb = 0 ¢/kgal Ca = 5.09 ¢/kgal

Cost = 0.0006 (4) 0.2 (0) (0) + 0.8 (1,380) (5.09) = $13.49

(2) Pump A and Pumps A + B.

0, = 1,020 (Pump A) Q 1,380 (Pumps A + B)

0.20

£ = 1,092 - 1,380 _ £
1,020 — 1,380 ~ 0-80 a

C, = 4.56 ¢/kgal C

a 5.09 ¢/kgal

Cost = (0.0006 (4) 0.8 (1,020) (4.56) + 0.2 (1,380) (5.09) = $12.30

(3) Pump B and Pumps A + B,

Qb = 770 gpm (Pump B) Qa = 1,380 gpm (Pump A + B)
£ = 1,092 - 1,380 _ £ = 0.53

> S35 -1,380 - 0% a

C, = 4.21 ¢/kgal C,6 = 5.09 ¢/kgal

Cost = 0,0006 (4) 0.47 (770) (4.21) + 0.53 (1,380) (5.09) = %12.59
(4) Based on the costs of each of the three possible operating
decisions, the optimal decision is the second one (e.g., run pump A E

for 4 hr and pump B for 0.8 hr).

Section III: Computer Program

10. For pump systems with one or two pumps, the static head-discharge and
static head-unit cost graphs can be generated failrly easily without the aid of J
a computer. The various operating combinations may also be evaluated fairly .
quickly. However, the number of pumps increases the construction of the
graphs, and the evaluation of the various combinations can become somewhat
tedious and time consuming. In order to facilitate the construction of the
graphs or determine the optimal operating combinations, a computer program has
been developed. A complete description of the computer program 1s provided by
2

Ormsbee and Walski (1986).
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PUMP OPERATION SCHEDULING

v

Y. Introduction. Although the total energy consumption charges associated
with a pump operation can be decreased by improving the efficiency of indi-
vicual pumps or combinations of pumps, such measures have little impact con
recducing the costs assoclated with time of day energyv rate schedules. The
primarv wav to minimize the cost associated with variable electric rate sclicd-
ules {5 through the use of off-peak pumping strategies. The idea bLehind off-
peak pumping strategles {s to pump the water required to satisfv the peak
svatem derands into elevated storage tanks during pericds of slack derand
{when electrical rates are normally lower). The excess water pumped during
the slacw demand period is used during periods of peak system demand (when the

~ W

electrical rates are ncrmally higher). The overall result of such a policw
should be a lower tctal erergy cost. It should be implemented if energy sav-
Ings exceed the ccst of additional storage.

2. Purp Crerating Policies. The key te the implementation oif an oi f-peak
pnoping scrategy is the availlebility of equalizivy storage and the develojprmerst
Cf arn optimal pump operating policy. A pump operating policy 1 simply g
schednle of water levels that should be maintained and a series «f rules that
dictate when cifferent pumps should be operated in response tc different svo-
tem conditions. An optimal purmp operating policy is that policy which will
all svstem constraints at a minimum cost. Any optimal jpump vperiting
hculd be flexible enough to adjust to temporary changes in tie vormal
ing cenditions (e.g., fire events, pipe breaks, etc.).

Section I: Optimal Pump Cperating Pelictes

3. Backgrournd., Although several authors have investipated tte ;| tent:i o -
ings that may result from modification of an existing purp operar..- ;0 T
very few authors have attempted to develop specific algorithrs tor u-v
irproving such schedules. Due to the complexity and dynamic rature 0 =
water distribution svstems, it {s difficult, if not impcssible, - develo;

least-cost operatlons procedure without the use of some tupe i optial, .tioo
algorithm. Sterling and Coulbeck (1975a,b) have {nvesticated us.ng bet’ teir-
archial methods and dynamic programming in developinyg ortimal prmp cperatis,
policies, both with limited success. YMcre recently, Sabet anc telwey @ l4%""
cdevelcped a dynamic progran for use in an optimal pumping schedule for
municipalities c¢tilizing ground water as their water supply scurce.  The
Algorithm was used to select the hourlv operating schedule for tlree purmps toyg

a svster of 1¥ pipes with a single storage reservoir. For the exampic
applicatien, energy savirgs of appreximately 35 percent were achieved,
tnfortunately, the optima] solution did not require the Initfial and tinu:
states to be equal. In addition, the procedure neglects the {mpact oi changes
in syvster demand and pump combination on the system head curves.

4. Dynamic Programming Approach. In the current study an operations vecearch
technique known as dynamic programming is used tc develop an optimal pump
operating policv. Dynamic programming is simply a technique that (s used te
break large complex problems into a series of much smaller and simpler
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problems. The optimal solution to the larger problem is then found by summing
the optimal solutions of the smaller subproblems. For problems that meet the
requirements of dynamic programming, the optimal solution of the larger prob-
len will be equal to the solution found by summing the optimal solutions of
the smaller subproblems. For example, the solution of the daily or weekly
pump operation problem may be determined by solving for the minimum energy
costs over a small period of time (e.g., 1 hour) and then summing the costs
over the entire period.

5. Problem Disaggregation. For the optimal pump operating policy problem,
the "large' preoblem corresponds to determining the desired average static head
(and corresponding tank water level) for each time interval (i.e., | hour) for
a specified operating period (usually a day). The "smaller” subproblem cor-
respounds to deternining the minimum cost required to obtain a desired average
stetic head for each time interval. Procedures for deterrining the optimal
solution to the smaller subproblem (which pumps to run and at what cost) are
presented in Enclosure 3. Procedures for solving the larger problem are
presented in the following sections.

Section II: Problem Formulation

6. Preliminary Steps. Before the optimal pump operating policy preblem can
be solved, several preliminary steps must be taken. These are summarized
below:

a. Determination of Problem Stages. Divide the desired operational pericd
into discrete time intervals (usually hours). In dynamic programming
terminology, the time intervals are known as "stages.'" The time intervals (or
stages) are usually selected to correspond to changes in the electric rate or
the system demand. After the operational period has been broken into dif-
ferent stages, the system demand and electric rate assoclated with each stage
should be determined.

b. Determination of Problem States. Next, determine the maximum and
minimum allowable static head (i.e., difference between suction tank (clear-
well) water level and elevated storage tank water levels) values for each time
ir-zerval. Once the maximum and minimum values have been determined, the range
of values should be divided into reasonable intervals. Normally, a constant
interval is used (usually several feet). For example, If water treatment
plant clearwell level can fluctuate between 110 and 120 ft and elevated
storage water level can fluctuate between 230 and 270 {t, the static head
would range between 110 (230 -~ 120) and 160 ft (270 - 110) and states would be
110, 115, 120...160 ft 1{f a 5-ft interval is used. In dynamic programming
terzinologv, the variable associated with the different values of the static
head is called a "state variable.” 1In this case the state variable is simply
the static head. For each stage (time interval), the state variable irtatic
tead) may be discretized into severable possible values. In dynamic
prograrming terminology each possible value is called a "state." In mathe-
nmatical rotation an individual value of a state variable may be expressed as
Sij where 1 1s a stage Iindex and J 1s a state index. For example, 1if tle

static head is the state variable and the stages are 3 hr long, SA , 1s the
third pessible state (e.g., 120 ft) with stage 4 (i.e., hour 12). ’7

4-2
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c. Construction of the State Space. The larger overall problem asso-
ciated with determining the optimal pump operating policy can be visualized
graphically through the construction of a "state-space dlagram." The state-
space dlagram 1s simply a figure which shows the various states (static heads)
that can occur at the beginning and end of a particular stage (time Interval).
A potential state-space diagram for a problem involving three different static
heads (states) and four different time intervals (stapes) is illustrated in

Figure 4-1. Each state Sij is represented bv a circle, and each stage is

represented by a square. In this example, a time interval of & hr is used.
The values of the static heads (states) are assumed to be equal to 146, 200,
and 21C rt. It should be noted that all the initial states are assigned a
stage index of zero even though they represent the inftial state of stage !.

d. Construction of Transition Cost Matrices. The final step is to con-
struct a transition cost matrix for each stage. This matrix shows the cost to
nove frem a given state in cne stage to another state in the next stage, Arn !
example transition cost matrix for the first stuge of the cxample state space
i{s shown in Figures 4-2 and 4-3. (Costs of infinitv represent hvdraulicalls
infeasible transitions.) The transition cost matrix {llustrates the cost of
the pumping during stage (time interval) {1 required to cliaryge the tank leve!l

iroz its initial state Si—l,j to its final state Si,k . In rathematical
nctation the cost assoclated with each transition may be expressed as Cijk .
The variable Cijk represents the cost assocliated with tiie decision to change
frem state j at the beginning of stage 1 to state k at the end of stage 1
(i.e., the pumping cost required to go fron Si—l,j to Sij ). For this

problem the cost associated with each particular transition (the costs in each
cell of the matrix) can be obtained using the procedures outlinced in

Enclosure 3 or some other rule, In this case, the averzge static head to be
used with the operation curves is obtained as follows:

i . . Conl)

where gijk = the average static head

1 = stage index assoclated with the final state

] = state at the beginning of stage {1

o TR T Y

k = state at the end of state i

: The required volume to be used witli the operation curves can be obtained in a 4
- similar marner as follows: p
- 1
Ca 9
o v =V, + * (S - -2

1y T Vet Aanie T Gylr,y T S (4-2) )
"T where Vd = volume required due to system demand

T A = average cross-sectional area of storage tank 4

tank
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K Section III: Problem Solution
{
o 7. Identification of Possible Operating Policies. Once the state space and
T the transition cost matrices have been constructed, a potential operating
N~ policy may be found by starting at a state (static head) at the beginning of
“a the first stage (time interval) and drawing a path through one of the states
o (represented by the circles) associated with each of the remaining stages (sce

Figure 4-4). For this example problem, the path involves four different steps.
Each step in the path corresponds to a decision to change from one static head

]

‘C? (state) at the beginning of each time interval to another static head (state)
s at the end of the time interval. The cost of each decision may be obtained
f{j from the transition cost matrix for each stage. The cost associlated with each
o decision path t can be obtained by simply summing the costs associated with
;r each decision in the path. In mathematical notation this can be expressed as:

il

) 1

- €t 'Zcijk (4-3)

L 1

i~ where 3,k £(t)
.;:; I = number of stages

o

AR For the example operating policy, the total cost can be obtained as follows:
>

:{:f
b
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8. Enumeration Strategy. One pcssible way to determine the optimal operating
policy for the example problem would be to enumerate all the possible paths
(operating policies) through the state space. However, even for this small

problem there would be 3 X 34 = 243 such paths involving 972 subproblems

(where each subproblem consists of finding the minimum cost required to change
from one static head to another). From a practical standpoint many of the
paths could be eliminated if the required initial state and the final state
are fixed. However, this would still involve 27 paths requiring the solution
of 108 subproblems. Therefore, such an approach would quickly become com-
putationally infeasible as the number of states and stages was increased.

9. Dynamic Programming Strategy. Instead of using a complete enumeration
strategy to solve the optimal pump operation policy problem, dynamic pro-
gramming may be used. In order to illustrate the concepts involved in dynamic
programming, consider the example problem shown in Figure 4-5. In this case
only four stages are considered, where each stage corresponds to a time inter-
val of 6 hr. In addition, the static head at the beginning of the operating
period is required to be equal to the static head at the end of the operating
period (i.e., 200 ft). During the intermediate time intervals (stages), two
additional static heads are possible ({i.e., 190 and 210 ft). Instead of con-
structing transition cost matrices for each stage, the cost assoclated with
each decision may be shown in parentheses directly on the state-space diagram.
As before, a cost of infinity indicates a decision that 1is hydraulically
infeasible.

a. Initial Stage. To begin the solution procedure, start at the end of
the first stage (see Figure 4-6). For each final state associated with thir
stage (there are three), enumerate all the possible decisions between the
states at the end of the stage and the states at the beginning of the stage
{(in this case there is only one at the beginning). For each possible
decision, determine the associlated cost from the transition cost matrix (in
this case from Figure 4-5) and record the cost on the state-space diagram as
shown in Figure 4-6., Once the cost associated with each decision has been
determined, determine the best (least costly) path that can be taken to each

final state Sik (associated with stage 1) from each initial state Si—l j° The
optimal path associated with each final state Sik can be indicated on the
state-space diagram by highlighting the paths. The costs associated with each 4

of these optimal decisions should be indicated in brackets next to the corre-

sponding state, as shown in Figure 4-6., For the initial stage therec 1is only

one possible path for each of the ending states since there is only one

beg.nning state. The cost in brackets will thus correspond to the cost of

each of the individual decisions. ‘

b. Intermediate Stages. For the intermediate stages, again enumerate all

Bt the possible decisions (paths) between the states at the end of each stage and
‘i the states at the beginning of each stage. For the second and third stages of
:ri the example problem, there are nine possible decisions, three decisions for -
- each gtate, ac shown in Figure 4-5. Once again, determine the cost associated -

with each decision from Figure 4-5., As before, the cost associated with each
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Figure 4-5. Example Problem
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Figure 4-6. Evaluation of Initial Stage
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decision is shown in parentheses. For each ending state k, determine which
previous state j results in the best cumulative decision. This 1s determined
not by looking at the costs assoclated with the current decision but by
looking at the cumulative costs associated with the current decision. The
cunmulative cost for a particular decision is equal to the sum of the cost of
the current decision (in parentheses) and the cumulative cost (in brackets)
assoclated with the previcus state of the decision. (This use of the
cumulative costs instead of the cost of the current decision is the key to
dvnamic programming.) Once the cumulative cost for each decision associated
with a given state has been determined, find which decision yields the lowest
cunulative cost for that state. The decision yielding the lowest cumulative
cost 1s the optimal decision for that state. The optimal decision for each
state may be indicated on the state-space diagram by highlighting the path as
shown in Figures 4-7 and 4-8. The cumulative cost associated with each optimzl
decision is now reccrded in brackets next to the corresponding state. The
optimal solution for stage 2 1s shown in Figure 4-7 while the optimal solution
for stage 2 is shown in Figure 4-8. By the end of stage 3, many of the
alterrative decisions have been eliminated.

c. Final Stage. For the final stage, repeat the same steps employved in
the previcus stages. For the example problem there 1s only one ending state
for the final stage. Once again, determine the cumulative cost associated
with each of the three possible decisions. As before, record the minimum of
these three in brackets next to the final state (circle). This final cost
represents the total cost of the optimal pump operating policy. As before,
indicate which decision was used to obtain this cost by highlighting the
ascociated path on the state-space diagram (see Figure 4-9). After the final
decision has been determired, the optimal operating policy can be determined
by following the emphasized path tack through the state space (see Fig-
ure 4-10). By following the path back through the state space it is possible
to identify the states (static heads) required at each time step that will
vield the least-ccst operating policy. The optimal solution for the example
problem 1s surmmarized in Table 4-1,

Table 4-1, Optimal Solution

Tiue State Cost
Midnight 200 -
6 a.m. 210 20
Noon 200 20
6 p.m. 200 30
Midnight 200 20
Total 90
4-10
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ﬁ:}ﬂ 10. Computer Program. The optimal pump operating policy problem may be
- solved using dynamic programming. For the example problem discussed in the
3 previous sections, a complete enumeration strategy would require the solution
N of 108 subproblems. For the same problem, a dynamic programming strategy
e requires the solution of only 25 subproblems. As the number of states and
&;: stages 1s increased, the computational gap increases exponentially. Although
e a particular optimal pump operating policy problem could be solved graphically
" as 1llustrated in the previous example, such an approach would be extremely
{ tedious and time consuming. (It should be reemphasized that the solution of
o each subproblem requires the solution of the optimal pump combination prob-
" lem.) In order to expedite the use of dynamic programming in solving the .
\ﬁ: optimal pump operating policy problem, the entire procedure presented above 4
:a (including the subproblem solution procedure) has been incorporated into a ]
o conputer program for easy use, ;
o a. Data Requirements. 1In order to use the optimal pump operating pro-
> - gram (0-POP) the following data are required:
ii: 1) Pump head versus discharge curves for each pump.
<.
O 2) Wire-to-water efficiency curves for each pump.
" 3) System head curves for each pump or combination of pumps.
:f 4) Average cross-sectional area or volume versus water level table
.aj for the elevated storage tanks.
. 5) Maximum and minimum water surface elevations of the storage
{ - tanks.

[ )
A

6) The number of states and stages (time intervals) to be used.

'
o

o
0 l; 1
- %9 S

DM RN e I

7) The system demand and electric rate for each time interval
(stage).

b. Program Operation. Using the pump characteristic curves and the sys-

A tem head curves, the computer program develops a set of pump operation curves -
“ for each electric rate using the procedures outlined in Enclosure 3. Using N
e the pump operation curves, the program constructs transition cost matrices for X
P each stage, Once the transition cost matrices have been developed, the pro-

- gram enumerates all the possible transitions between the states assoclated

._ with each stage and then determines the minimum cumulative cost associated
:}: with each state. Once all the stages have been processed and the total mini- »
\§~ num cost has been determined, the program moves back through the state space :
‘:: in order to determine the optimal operating poliicy.
i~
o c. Program Results. For a given set of input data the program will :

determine the most economical average static head (and associated tank water

J: level) for each time interval (stage). In addition, the program will provide
- .. a ranking of the various pump combinations that will yield the desired average
,:* static head for each time interval. The operator may then use the results to .
:f: select the combination that is most feasible for the system operation for each -
b time interval. -
L~ &
i a3
) K -
B >
L. 4-13 -
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d. Availability. A computer program to solve the dynamic programming
problem has been developed and tested by the US Army Engineer Waterways
Experiment Station. The program can run on an IBM-PC or compatible computer.
For more information, contact Dr. Thomas M. Walski (WESEE-R), Comm 601-634-3931
or FTS 542-393:.
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P, APPENDIX B: DEVELOPING SYSTEM HEAD CURVES

1. Developing system head curves 1is a necessary step in pump sizing or
evaluating the operation of existing pumps. A simple textbook procedure for

Y developing a svstem head curve is to: (a) determine the 1ift required based
. on the difference in water level between the nearest tanks on the upstream and
! downstream sides of the pumps, (b) determine friction loss based on head loss
. between the upstream tank and the pump and between the pump and the downstream
) tank, and (c) add the heads at each flow rate. Such a system head curve is
shown 1n Figure Bl. It is based on the 1dealized system shown in Figure B2
with the added assumption that Qu = 0 . (For convenience, symbols are
- defined at the conclusion of this appendix.)

2, Virtually all example problems in engineering references (Clark,
2 Viessman, and Hammer 1971; Hicks and Edwards i1971; ASCE 1975; Messina 1976;
Reh 1981; Walski 1984) contain system head curves, as shown in Figure BIl,
These system head curves are based on the assumption that there is virtually

no water used or lost between the two tanks. This is a reasonable assumption

for many water supply pumps and most sewage pumps. However, in some water

{ distribution systems, very large quantities of water can be consumed between
:; the pump and the nearest tank. In evaluating some in-place pumps in the DC
ii system, the authors observed that actual system head curves could be quite
:: different from those shown in Figure Bl,
; 3. This appendix describes why system head curves can vary signifi-
: cantly from those shown in Figure Bl, 1l1lustrates some Interesting special
5: cases, and describes how engineers can account for these anomalies in practi-
:5 cal design situations.
L
. Generalized System Head Curve
};
'Ei 4. Consider the water distribution system shown in Figure B2. It dif-
“! fers from those shown as examples in standard engineering texts in that there
; : mav be a significant water use (Qu) at the end of pipe segment 1. The ?
£ difference in head between the tank upstream of the pump and a point :
N A
=
;S * See References at the end of this appendix. f:
o :
. Bl ’
. n

N &

Bl
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immediately downstream of the pump (i.e., the system head curve) can be given

A
LY

as a function of flow as
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:j where :
’{' h = head required at pump discharge Q, L 3
i‘: ht = difference in upstream and downstream tank 3
i“: water levels, L "
T Ky K|» K, = head loss coefficients for pipe segments 0, 1, ]
;;: and 2, respectively

‘F QO’ Ql’ Q2 = flow in pipe segments 0, 1, and 2, L3/T by
:; The absolute value term is required in Equation Bl because when Qu is

;;i greater than Ql » flow will actually occur from the tank toward the pump in

:.E ripe segment 2.

8

- 5. The best way to illustrate the anomalies in system head curves is to

f:: plet several system head curves using reasonable values for head loss coeffi-

‘:5 cients. Such curves are plotted in Figure B3 for a system with ht = 50 ft h
;5 and KU = 0 (i.e., short suction line typical of most pumping stations). :
K Jote that the horizontal axis is pump discharge, not total water use. Water

317 use Jdownstream of the tank does not affect the curves.
i? 6. The first observation is that only the system head curve for Qu =0 ‘
'iz 1ouxks 1lke a typical system head curve. The other curves show unusual shapes

(;:' oY QU > Ql . Most notably, the curve for KL = K2 and QU = 25 1is a

S straight line for pump discharges less than 25 ftj/sec.

E: 7. when the flow in pipe segment 2 is toward the tank (i.e., Q2 > 0),

ﬁ-jA tiie ~vstem head curves show a positive second derivative, as one would expect,

o however, when @ is negative, the shape of the curves depends on where and

N fiow much water 1s being used between the pumps and the tank.

'égl 3. Figure B3 shows that when water use is at the tank (K2 = 0), the

tfj{ svstenm head curves are concave upwards, For water use midway between the tank

‘;E" and the pump (KI = K,), the system head curves are linear for small values of

_ff pump discharge. For water use at the pump (Kl = 0), the curves are concave

??i downward.

.é:' Y. This phenomenon can also be explained using the hydraulic grade

-‘-' lines shown in Figure b4. For the traditional system head curve (Qu = 0), the

.RE- hvdraulic wrade line slopes downward at a constant slope. As water use

Ei;; between the pump and tank increases (0 < Qu < qump)’ the grade line becomes

‘Ei; curved. As water use increases even further (qump < QU), the tank begins to

(nvA

empty, and the hydraulic grade line becomes U-shaped.
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Figure B3. Sample system head curves

Special Cases

10. Some special cases can help illustrate why the odd-shaped system
head curves exist. First, consider the case in which both K and K are

0 1
negligible in comparison with K (KO,K << Kz). This corresponds to the

2 1
case in which the water use is very close to the pump. For this case, Equa-

tion Bl can be simplified to

~ 2
h = h_ +K,(Q,) (B2a)

when

Q, 20
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Figure B4, Sample hydraulic grade lines

and

2
h = ht - KZ(QZ) (B2b)

when

Q, <0

This equation 1is plotted as Figure B5 and 1s somewhat startling in that the

system head curve 1s an inverted parabola for small values of pump discharge.
11,

The second special case occurs when K1 = KZ and KO = 0, For
this case, Equation Bl reduces to
h=h +K (200 - 20,Q + Q%) (B3a)
t 1 Ql 1 u u a
BS
.v’;‘.' o



rn % atednd i Aed ik tad el Sek ek Sade S ladh L e’ Skt g A AT A 40 A it g B At t Al Ath AN At At A ot ol el b aRACa A ol At S
AN
v-‘ .J'\
4 L]
>
AN
b?}:
s
.',-:.*
o
a)
<
w
T |pm——————
I
|
he l
|
. aQ |
—
L [
[ ]
FLOW
Figure B5, Special case system head
curve (KO,K1 << K2)
when
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Q, 20
and
2
= + -—
h = h +K(2Q0Q, -Q) (B3b)
when
<
Q, <0
Equation B3b is plotted in Figure B6 and illustrates that for some flow rates,
the system head curve can be a linear function of pump discharge, Q1 .
Effect on Operating Point
12. Since accounting for water use between the pump and tank moves the
system head curve to the right and down, one would expect the operating point
2 of the pump to move in that direction so that the pump would put out greater
‘i: flow at lower head. Noting that Q2 = Q1 - Qu and that, 1in most cases, KO
;3 << K1 , the system head curve (Equation Bl) can be written using the notation
.

from Figure B2 as

B6
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2
h =h, +KQ]+K,(Q -Q)lo; -l (B4)

u

13. Pump head characteristic curves can be approximated by a parabola as

2
hp = aQ; +bQ, *+e¢ (B5)

where

h
p

a, b, ¢ = coefficients in pump curves

head produced by pump, L

In almost all cases, the le term is much smaller than the other terms, so
to simplify the algebra, it will be eliminated.

l4, The operating point of a pump is the combination of flow and head
that satisfies Equations B4 and BS simultaneously (i.e., the intersection of

the system head and pump characteristic curves). Setting those two equations

e jual gives the following equation:

2
(-a +KDQp +KylQ ~q (@ - Q) +h -c=0 (B6)
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15, It is possible to define a dimensionless parameter u = QU/Q1 R
which gives the relative amount of water consumed between the pump and tank.
For u =0, no water is consumed along the line; for O < u < I , some of the
water is consumed; for u =1 , exactly all the water pumped is consumed
before 1t reaches the tank; and for u > 1 , more water is consumed than
pumped. Because of the absolute value function in Equation B6f, there are two

cases to the solution for le

For u <1,

C - ht
Q, = 5 (B7a)
K, + K, (u = 2u+1) - a
1 2
For u > 1,
C - ht
Q = 3 (B7b)
K, ~a-K,(u - 2u+1)

16. Since C > ht (or else tne pump would not work) and K2 > 0, the

minimum value of Q occurs at u =0 ., As u 1increases (i.e., more water is
used out of the pump discharge line), the discharge from the pump increases.
Some of the implications of thils are described below:

a. Since the discharge rate is greater and the total volume to be
pumped remains constant, pumps will run for shorter periods of
time if water is used near the pumps.

Since the pump head characteristic curve slopes downward, the
pump would produce less head. Th energy cost may or may not
decrease, depending on the efficlency of the new operating
point. If the pump was designed to operate exactly at the
pump's best efficiency point, increasing the flow rate may
result in greater energy costs even though the pumps run
shorter periods of time against lower heads. This depends

on the individual pump's efficiency curve.

|o

At the higher flow rates the pump will draw more power. In
the case of utilities with a demand charge, the demand charge
may be greater than estimated if some significant portion of
the water use is near the pump. A larger driver may also be
required.

Ke}

o

Since the net positive suction head (NPSH) required increases
nonlinearly with flow and the NPSH available decreases
nonlinearly with discharge (due to friction losses in suction
piping), a pump that was designed to operate in a safe range

B8




using a standard svstem head curve mav experience cavitation

o problems if a great deal of water is used near the pump.

ko

4

{i- Complicated Distribution Systems

‘o 17, In the examples above, 1t was assumed that water consumption

\‘ between the pump and tank could be lumped at a single point and the pipe net-
M work could be represented by two pipe segments with a negligible amount of

error. In manv cases the piping svstem is too complicated te use such a

;;:j simplified approximation to the real svstem. For example, elevated storage
. tanks mav be lccated on the opposite side of the demand center from the pumps.

: 18. In such instances, 1t 1s necessarv to use a model of the distribu-

B

Pl
a

@,

tion system to assist in generating the system head curve. This can be done

i bv replacing the pump, suction line, and suction storage tank (or clearwell)

. with a constant input node located at the suction tank at an elevation equal
’{ii to the water level 1in that tank. The model would then be run for a number of
EE:E input flow rates at a fixed water consumption rate. The head at the constant
f?; input node weuld be the ordinate of the system head curve at that flow rate,
(-\ Alternative svstem head curves could be generated for different water use

.ti: rates (e.g., nighttime use, average day, and peak day).

Si: 19. The above approach can best be illustrated by an example. Consider
:E: the simple svstem shown in Figure B7 with a tank located at node 32 and a pump

at node 10, The water level at the tank is 20C ft above the water level of
the suction tank located at node 10. YNormal water use is 1,000 gpm with the
use distributed fairly evenly among the nodes.

20, First, the water use was fixed at 100 gpm (low-use period), and the
input to the cv=tem was varied from 0 to 1,500 gpm. The heads corresponding
to these inputs are shown as the Use = 100 1ine in Figure B8. The process
was repeated for Use = 1000 (normal use) and Use = 2000 (peak use), also
shown on Figure B8, Note that these curves look a great deal like the curves

‘rom the speria] cases described earlier.

Practical Tmplications

. . While the mathematicallv {interesting special cases above illustrate

MO e oannsnal o sooctem head curves can be shaped, thev are unlikelv to appear
B9
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ol Figure B7. Simple system configuration
{
K- exactly as snown in Figures B5 and B6 in actual pump design and operation

~:: problems. However, the fact that system head curves are not simply the sum of
\'j 1ift and friction head 1s significant in water systems where there can be

;)' numerous large water users between the pumping station and the nearest tank.
o, 22. One could argue that it is unlikely that pumps will be sized to

o

- discharge less water than is being used near the pumping station. However, as
:;; more water utilities are facing time-of-day energy pricing in which price of
;: energy is highest in midday when the water use 1s greatest, the situa~ion of
- only one or two of a large battery of pumps running at peak-use time is a more
::j common occurrence.

:f 23. The significance of using simple system head curves (e.g. Fig-

};_ ure Bl) is that engineers will incorrectly determine pump operating points.

LS

Pumps that are sizec to perform efficlent.y for traditionally shaped system
head curves may behave inefficientliy under actual conditions. In addition,
the actual pump operating point will be to the left of the expected operating
point, so that a pump that was sized to barely meet net positive suction head

requirements may actually experience cavitation problems.

B10
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n some cases it {< pesaivle to represent a svetem bv a single
node, as the authors have drne above to generate a avstem head curve., ‘'ow-
ever, in some cases, this wi'' he a poor approximaticn to the reai svstem,
‘nstead {t will be necessarw tn penerate the svsatem head curve hv: ‘a) cet-
tinz up » simple skeletal -oinl ¥ *the gvgtem hetween the pu~p and the tank,
(hy representing the pump bv a4 constant {nflow rode, (¢} simulating the svstem
for various pump Inflews, and od) determining the required head bv subtracting
the suction tanx water leve! ‘rom the pump head ar each Inflow. The curves
thius generated can be nsed n pump selectinn,

Cummarss
—_———

29, The terthook methi:d v ceneratineg o wtes vead crrrea W gdding Ty
head and friction head mayv wlve micieading recilte when there (o a4 arye witer
tuse between the pumps amd r* o downstream tank. i~ appendis {llnatr e when

1

such an approach {s misieadine. T=-rroved svater bead carves an he generataed

avalvticallv bv Iumrping warter use o 2t g <ingle ride or, 'or =mere Sarples <l

tems, bv using a water distritmtfon ~adel to determive «uitem begds

Bl
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APPENDIX C: FIELD TEST RESULTS FOR DALECARLIA PUMPING STATION :

1. The field test results for the pumps in the Dalecarlia pumping sta-

tion are summarized in Tables C1-Cl13. (At the time of the test, Pumps 13 and
14 were out of service and were not tested,) Each table summarizes the physi-
cal characteristics of each pump, along with the field test results, which are
presented in eight columns,

2. Columns 1, 2, and 5 contain measured data. The first column con-
tains the values of the pump head measured during the test. These values
represent the difference In pressure across each pump expressed in feet of
water. The pressure on the discharge side of the pump was obtained using a
calibrated Bordon tube pressure gage. The pressure on the suction side of the
pump was calculated using the elevation of the clearwell, the elevation of the
suction line, and the head loss through the suction line, The second column
contains the corresponding values of flow rate expressed in units of
1,000 gallons per minute (gpm). These readings were also obtained directly
from instrumentation in the control room. The fifth column in each table con-
tains measured values of electrical horsepower. These values were measured
directly from instrumentation in the control room.

3. Column 3 contains values of flow rate obtained from the manufac-
turer's pump characteristic curves. These values were determined using the
measured values of pump head. Column 4 contains the percent difference
between the measured flow values and the values obtained from the manufac-
turer's curves.

4, Column 6 contains values of electrical horsepower obtained from the
manufacturer's pump characteristic curves. These values were also determined
using measured values of pump head, Column 7 contains the percent difference
between the measured flow values and the values obtained from the
manufacturer's curves.

5. Column 8 contains the wire-to-water efficiencies obtained from the

manufacturer's curves using the measured values of pump head.
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Table Cl
Field Test R.sults for Dalecarlia Pumping Station, Pump |
MODEL # 30MC1VERT CLEARWELL 134.5 FT RATED FLOW 34800 GPM
SERIAL # 1461376 PUMP ELEV 106 FT RATED SPEED 514 RPM
RES ELEV 170 FT RATED HEAD 50 FT
DATE CURVE DEVELOPED: NOV, 9, 1955
CURVE # RY 115346
(1) (2) (3) (4) (5) (6) (7 (8)
Efficiency
Measured Measured Flow from Measured EHP from from
Head Flow Curve Percent EHP Curve Percent Curve
(ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)
52 34,38 35.00 -1.79 550 549 .18 83.4
a 53 35.07 34.40 1.95 563 550 2,36 83.6
" 56 33.68 32.60 3.31 552 550 .36 84.1
62 28.13 28.60 -1.66 543 537 1.12 84.2
70 23.96 21.40 11.95 509 495 2,83 77.2
* 72 19.79 20.40 -2.98 503 490 2.65 75.6
* 72 20.49 20.40 .42 509 490 3.88 75.6
* 74 16.84 17.2C -2.09 476 470 1.28 71.0
* 74 16.15 15.00 7.64 476 460 3.48 69.3
* 77 13.19 10.80 22,17 469 440 6.59 62.4
* Pumps | and 2 operating in combination.
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N Table C2
 :i Field Test Results for Dalecarlia Pumping Station, Pump 2
[N
P : MODEL # 3JOMCI1VERT CLEARWELL 134,5 FT RATED FLOW 34800 GPM
'qx SERIAL # 1461375 PUMP ELEV 106 FT RATED SPEED 514 RPM
‘(Q RES ELEV 170 FT RATED HEAD 50 FT
‘e
DATE CURVE DEVELOPED: NOV. 10, 1955
CURVE # RY 115347
1) (2) (3) (&) (5) (6) {7) (8)
Efficiency
Measured Measured Flow from Measured EHP from from
Head Flow Curve Percent EHP Curve Percent Curve
(ftr) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)
54 34.72 33.20 4.59 550 550 .00 82.2
& 56 33.33 32,00 4,17 543 550 ~-1.27 82.4
61 31.25 28.80 8.51 523 542 -3.51 81.8
66 29,86 25,40 17.56 523 527 -.76 80.2
70 24,31 21.60 12.53 485 505 -3.96 75.6
* 72 20.49 20,490 W42 496 497 -.20 73.6
* 74 16.84 17.20 -2.09 472 480 -1.67 68.2
* 77 13.19 10.80 22.17 449 468 -4.06 63.0

»*

Pumps | and ! operating in combination.
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34350 CPM

KATED SPEED 600 RPM
FATED HEAD 145 FT
(h) (7 (8)
Efficiency
EHE trom from
Curve Percent Curve
(HP) hifterence (Z)
1130 2,04 84,2
1025 .49 82.2
535 2.80 UND
1150 -7.91 85.2
&30 12 74.8

L]

Pumps 4 and 6 operating in combination.

a
JOR WSV, “YN. W, YOV, Y90, L NN, W V. VL



Table €5

Field Test Results tor Dalecarlia tumping Station, Pump 5

(= A 2

26NA43VRT CILEARWELL 134.5 FT RATED FLOW 34350 GPM
[461378 PUMP ELEV 106 F1 RATED SPEED 600 KPM
RES ELEV 246 FT RATED HEAD 145 FT
DATE CURVE DEVELOGPED: JUNE 20, 1959
CURVE ¢# E-175566
(2) (3) (4) (5) (6) (7) (8)
Efficiency
Measured Flow from Measured EHP from from
Flow Curve Percent EHP Curve Percent Curve
(1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)
.00 .00 .00 536 460 16.52 UND
30.56 31.80 -3.91 1153 1132 1.86 86.6
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Table U6

Field Test Results tor Dalecarlia Pumping Station, Pump 6

MODEL # JONAG3VRT CLEARWELL 134.5 FT RATED FLOW 34350 GPM
SERTAL # 1461377 PUMP ELEV 106 FT RATED SPEED 600 RPM
RES ELEV 246 FT RATED HEAD 145 FT

DATE CURVE DEVELOPED: DEC. 2, 1959

CURVE # E-175770
(n () (1) (4) (5) (6) (7) (8)
Efficiency
Measured Measured Flow from Measured EHP from from

Head Flow Curve Percent EHP Curve Percent Curve

(ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)

130 30.56 29,30 4.29 1092 1115 -2.06 85.1

161 21.53 21,00 2.51 1005 1003 .20 84.6

186 11.11 9.00 23.46 684 685 ~.15 66.0
* 158 22.57 22.00 2.59 1046 1022 2.35 85.2
* 180 12.85 13.40 -4.,13 811 810 .12 74.8

* Pumps 4 and 6 operating in combination.
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Table C7
Field Test Results for Dalecarlia Pumping Station, Pump 7

#, v
W
:uhﬂi\ixﬁglxx

-‘ D“_h

MODEL # [BNA33VRT CLEARWELL 134.5 FT RATED FLOW 13900 GpPM
SERIAL # 1461382 PUMP ELEV 106 FT RATED SPEED 900 RPM
RES ELEV 329.7 FT RATED HEAD 220 FT

. N

SR

DATE CURVE DEVELOPED: MARCH 11, 1959
CURVE # E-175493

It'-f_'-"

oY
-

LY
*
-.J L)

L d

(1) (2) (3) (4) (5) (6) (7 (8)

Efficiency
Measured Measured Flow from Measured EHP from from

Head Flow Curve Percent EHP Curve Percent Curve
(ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)

A,
A

s’

198 18,40 16.20 13.60 925 1110 -16.67 69.6
260 8.03 .00 UND 382 363 5.23 UND

Ty
AN
80

* 221 14,58 14.90 -2.13 891 990 -10.00 84.2
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* Pumps 7 and 9 operating in combination.
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Table (8
Field Test Kesults for Dalecarlia Pumping Station, Pump 8
MODEL # 18NA33VRT CLEARPWELL 134.5 FT RATED FLOW 13900 GPM
SERIAL # 1461381 PUMP ELEV 106 FT RATED SPEED 900 RPM
RES ELEV 2 FT RATED HEAD 220 FT
DATE CURVE DEVELOPED: MARCH 12, 1959
CURVE # E-175494
(1 (2) (3) (4) (5) (6) (7) (8)
Efficiency
Measured Measured Flow from Measured EHP from from
Head Flow Curve Percent EHP Curve Percent Curve
(ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)
198 18.40 16.70 10.20 912 1015 -10.15 82.2
O
o 251 13.89 10.80 28.60 771 840 ~-8.21 81.6
265 10,42 .00 UND 429 365 17.53 UND
* 214 15.28 15.50 -1.43 8§85 944 -10.97 84.6
* 258 7.29 7.60 -4.06 402 690 -41.74 72.0
* 263 5.21 .00 UND 349 365 ~4.38 UND

* Pumps 8 and 9 operating in combination.
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Fleld Test Kesults ror balecarlia tumping Station, Pump Y

. MODEL #
s SERIAL #

IBNAJ VR COEARWEL S R R T A RATED FLOW 13900 GPM
l4b] jR0 PUMEP BB [ 6 b RATED SPEED 900 RPM
KES R EA (IR UV KATED HEAD 220 FT
MARCE 1L, e

DATE CURYE DEVELOVED
(URVE # O IR VA

¢ (!

£ Measured
Head

o R Y T (v} (7 (8)
Efficiency

> 4
0o (ft)
Pl
I'

012

Measured Flow f1.m Mednired bHP trom from
Flow LT e Perc et bl turve Percent Curve

(a0 ppm CL g Citteren o b (HP) Difterence (%)
(R . 1) 3 -13.98 51.5

)| -5.24
oo R SN -11.96

81.0
UND

_ . L 1 o —4. 70 85.0

84,5

75.8
UND
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. i ot — 1. K¢ 89,7
ek ' o s inln 1,14 84.8
* Pumps !0 and |l operating in combination.
**  Pumps 10 and 1! operating in combination.
**%*  Pumps |0, 11, and 12 operating in combination.
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oo Table Cl1
O
5}; Field Test Results for Dalecarlia Pumping Station, Pump il
o MODEL # 24NA38VRT CLEARWELL 134.5 FT RATED FLOW 18750 GPM
E SERIAL # 1461384 PUMP ELEV 106 FT RATED SPEED 900 RPM
0 RES ELEV 423.2 FT RATED HEAD 300 FT
o DATE CURVE DEVELOPED: JUNE 18, 1959
= CURVE # E-175568
b (D @ ) ® 5 (6) &) )
- Efficiency
o Measured Measured Flow from Measured EHP from from
2.2 Head Flow Curve Percent EHP Curve Percent Curve
o (ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)
308 281 23.61 22.90 3.1 1903 1900 .16 84.9
'; g—- 350 11.46 6.60 73.61 1019 1130 -9.82 UND
f"'
-n...-"‘
"" * 295 12,85 21.90 -41.34 1877 1860 91 85.9
) ':
s **% 309 15.28 20,10 -23.99 1810 1790 1.12 85.6
lx,‘j'
' *%% 325 10.42 17.30 -39.79 1649 1680 -1.85 84.2
>
'y
2
,?.‘
b7
s * Pumps 10 and 1l operating in combination.
. ** Pumps 11 and 15 operating in combinacion.
%;i *%%*  Pumps 10, 11, and 12 operating in combination.
s
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Table Cl2
Field Test Results for Dalecarlia Pumping Station, Pump 12
MODEL # 24NA38VRT CLEARWELL 134.5 FT RATED FLOW 18750 GPM
SERIAL # 1461383 PUMP ELEV 106 FT RATED SPEED 900 RPM
RES ELEV 422.5 FT RATED HEAD 300 FT
DATE CURVE DEVELOPED: JUNE 19, 1959
CURVE # E-175569
(D (2) (3) (4) (5) (6) n (8)
Efficiency
Measured Measured Flow from Measured EHP from from
Head Flow Curve Percent EHP Curve Percent Curve
(ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)
288 24 .31 21.70 12.01 1850 1870 -1.07 84.8
* 302 15.28 20.30 =24.74 1810 1818 -.44 85.3
**x 302 15.28 20.30 -24.74 1810 1818 -.44 85.3
*k% 375 10.42 17.00 ~38.73 1676 1657 1.15 84.7

* Pumps 10 and 12 operating in combination.
** Pumps 12 and 15 operating in combination.
**%  Pumps 10, 11, and 12 operating in combination.
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Table Cl13
Field Test Results for Dalecarlia Pumping Station, Pump 15
MODEL # 24NA38VRT CLEARWELL 134.5 FT RATED FLOW 18750 GPM
SERIAL # 1461386 PUMP ELEV 106 FT RATED SPEED 900 RPM
RES ELEV 422.5 FT RATED HEAD 300 FT
DATE CURVE DEVELOPED: JUNE 24, 1959
CURVE # E-175572
(1) (2) (3) (4) (5) (6) (7) (8)

Efficiency

Measured Measured Flow from Measured EHP from from

Head Flow Curve Perzent EHP Curve Percent Curve

(ft) (1000 gpm) (1000 gpm) Difference (HP) (HP) Difference (%)

306 24,31 19.30 25.94 1875 1770 5.93 84.5

2 353 10.42 .00 UND 885 720 22.92 UND

* 309 15.28 18.90 -19.17 1810 1757 3.02 84.4

% 302 15.28 19.80 ~22.84 1810 1790 1,12 84.7

* Pumps 1l and 15 operating in combination.
** Pumps 12 and 15 operating in combination.
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<. APPENDIX D: FIELD TEST RESULTS FOR BRYANT STREET PUMPING STATION
’
- 1. The field test results for pumps in the Bryant Street pumping sta-
-‘,«
" tion are summarized in Tables D1-Dll. (Because of operational conditions,
N
i: Pump 1 was not tested individually.) Each table summarizes the physical char-
-i
.? acteristics of each pump, along with the field test results, which are pre-
i
- sented in eight columns,
|/
e 2. Column 1 contains the values of the pump head measured during the
'j- test. These values represent the difference in pressure across each pump
- expressed in feet of water. The pressure on the discharge side of the pump !
- was obtained using a calibrated Bordon tube pressure gage. The pressure on
N2
}jf the suction side of the pump was calculated using the elevation of the clear-
Ay
P well, the elevation of the suction line, and the head loss through the suction
.:4'
L line. Column 2 contains the corresponding values of flow rate expressed in
. units of 1,000 gallons per minute (gpm). Column 3 in each table contains
14N B,
[ measured values of current, expressed in amperes. Column 4 contains measured ’
;*Q values of power expressed in kilovolts-ampere reactive (kvars). The current
N P
uﬁf 1nd power readings were obtained directly from instrumentation in the control
Eu room. For an associated voltage drop, the corresponding electrical power in
’:{ kilowatts may be obtained using the following equation: h
=
i:}
[ Power (kW) =\j(kVA)2 - (kvar)2
L)
2
 :i' where KkVA = current (amps) * voltage (volts) . The resulting values of elec-
;:;: trical power expressed in units of horsepower are given in column 5.
,f -‘.
O 3. Column 6 contains values of wire-to-water efficiency associated with
,‘i the head, flow rate, and power readings in columns 1, 2, and 5. Colummn 7
F.>
5:3: contains values of wire-to-water efficiency obtained from the manufacturer's
::&: pump curves using the measured pump head values in column 1. The percent
s
‘S difference between the calculated wire-to-water efficiencies and the manufac-
'».:. turer's wire-to-water efficiency is shown in column 8.
4
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Table DI
Field Test Results for Bryant Street Pumping Station, Pump 1

MODEL # 26NAS43VT CLEARWELL 156.5 FT RATED FLOW 24300 GPM
MODEL # 26NAS43VT PUMP ELEV 118 FT RATED SPEED 514 RPM
RES ELEV 250 FT RATED HEAD 110 FT
RATED POWER 800 HP
(1) (2) (3) (4) (5) (6) (7) (8)
Efficiency
Measured Measured Measured Measured Measured Computed from
Head Flow Current Power Power Efficiency Curve Percent
(ft) (1000 gpm) (AMPS) (KVARS) (HP) (2) ¢9) Difference
* 96 25.00 150 10 597.47 75.86 N/A N/A

¢a

* Pumps 1 and 3 operating in combination.
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Table D2

Field Test Results for Bryant Street Pumping Station, Pump 2

MODEL # 26NAS43VT CLEARWELL 156.5 FT RATED FLOW 24300 GPM
SERIAL # 1346786 PUMP ELEV 118 FT RATED SPEED 514 RPM
RES ELEV 250 FT RATED HEAD 110 FT
RATED POWER 800 HP
(1) (2) (3) (4) (5 (6) (7) (8)
Efficiency
Measured Measured Measured Measured Measured Computed from
Head Flow Current Power Power Efficiency Curve Percent
(ft) (1000 gpm) (AMPS) (KVARS) (HP) (%) (%) Difference
93 25.76 175 20 696.86 64.93 N/A N/A
94 24,17
102 22,84
132 18,14
135 14,68 130 160 492,55 75.71 N/A N/A
136 11.54
142 8.25
* 98 24,22 172 80 680.51 65.77 N/A N/A
* 104 20.90
* 116 18.44 165 100 649.66 62.23 N/A N/A
* 129 15.80
* 132 11.79 130 200 477.71 61.61 N/A N/A
* Pumps 2 and 3 operating in combination.
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Table D3

T

Field Test Results for Bryant Street Pumping Station, Pump 3

SERIIES. AP
‘."-,::'.“. ; - ‘-{; - 2

TR
For o v g

26NAS43VT
1346784

MODEL #
SERIAL #

CLEARWELL
PUMP ELEV
RES ELEV

156.5 FT
118 FT
250 FT

RATED FLOW
RATED SPEED
RATED HEAD
RATED POWER

24300 GPM
514 RPM
110 FT
800 HP

m (2)

Measured
Flow

Measured
Head
(ft)

93 27.78
.00

(1000 gpm)

3)

Measured
Current

(AMPS)

170
240

150

155

(4)

Measured
Power
(KVARS)

(5)

Measured
Power
(HP)

(6)

Computed
Efficiency
(%)

[€))
Efficiency
from

Curve

(%)

(8)

Percent
Difference

80
85

672.49
952.31

580.93

616.75

636,69

72.55
.00

N/A
N/A

N/A

N/A

N/A
N/A

N/A

N/A

* Pumps 1l and 3 operating in combination.
Pumps 2 and 3 operating in combination.
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Table D4

L sl

: ; 2o PN b P
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Field Test Results for Bryant Street Pumping Station, Pump 4

SN

N SN S R

MODEL # 30MC1VRT CLEARWELL 156.5 FT RATED FLOW 24300 GPM
SERIAL # 1346781 PUMP ELEV 118 FT RATED SPEED 514 RPM
RES ELEV NONE FT RATED HEAD 45 FT
RATED POWER 325 HP
(1) (2) (3) (4) (5) (6) (7 (8)
Efficiency
Measured Measured Measured Measured Measured Computed from
Head Flow Current Power Power Efficiency Curve Percent
(ft) (1000 gpm) (AMPS) (KVARS) (HP) (%) (Z) Difference
11 37.50 60 25 237.71 33.20 N/A N/A
77 .00 49 50 188.69 .00 N/A N/A
* 24 31.25 66 10 262,74 53.52 N/A N/A
* Pumps 4 and 5 operating in combination.
...... Iy o ~Ame 3 % - - ¥ 't S S A dalnas i e w




_ . . - [P . , . e # - - L . " - -

v “. A PR - YK AR 9 “xr.'x.;'l,x_ Pl . > -\%‘ ‘? l‘..'.-.(’“. ,", ) N ,':"_-" ""-.'n"-.n', 4", o« g ': :;t_ y ’.1

‘ﬁﬁﬂﬁd.h\\\jﬁﬁ.‘,lﬂﬂ{{ﬂﬂ b AP RTIARER] L Je T e S5 R I ) Sy IR LAY PN ¥ . LA AN,
P
NS
P
“Ha
?\;\\‘_
1S
A

.. Table D5

R
~

Field Test Results for Bryant Street Pumping Station, Pump 5

MODEL # 30MCIVRT CLEARWELL 156.5 FT RATED FLOW 24300 GPM
SERIAL # 1346782 PUMP ELEV 118 FT RATED SPEED 514 RPM
RES ELEV NONE FT RATED HEAD 45 FT
RATED POWER 325 HP
(1) (2) 3) (4) (5) (6) (7) (8)
Efficiency
Measured Measured Measured Measured Measured Computed from
Head Flow Current Power Power Efficiency Curve Percent
(ft) (1000 gpm) (AMPS) (KVARS) (HP) (%) (%) Difference
11 37.50 35 69 121,16 65.14 N/A N/A
45 27.78 74 100 277.32 84.33 N/A N/A
4 79 .00 64 140 213.08 .00 N/A N/A
* 24 31.94 72 70 278.15 51,68 N/A N/A

* Pumps 4 and 5 operating in combination.
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X Table D&
?‘:::"‘ Field Test Results for Bryant Street Pumping Station, Pump 6
Ef
\.'-
ﬂ\ MODEL # 30MCIVRT CLEARWELL 156.5 FT RATED FLOW 24300 GPM
b'_'-'.‘ SERIAL # 1346783 PUMP ELEV 118 FT RATED SPEED 514 RPM
A RES ELEV NONE FT RATED HEAD 45 FT
:\ RATED POWER 325 HP
h‘..".
25 DATE CURVE DEVELOPED: JULY 19, 1951
v CURVE # E-121814
o (1) (2) (3) (%) 3 (6) (7) (8)
b Efficiency
;f? Measured Measured Measured Measured Measured Computed from
f&i Head Flow Current Power Power Efficiency Curve Percent
e, 2, (fr) (1000 gpm) (AMPS) (KVARS) (HP) (%) (Z) Difference
' 12 38.89 60 60 231.37 39.04 37 5.50
~ 17 37.57 60 70 228.54 52.49 41.5 26.49

38 32.28 66 50 258.13 88.94 78 14,02

54 30.13

63 23.19

84 .00 56 80 208.25 .00 0 UND

N
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Table D7

Field Test Results for Bryant Street Pumping Station, Pump 7

MODEL #
SERIAL #

24MA38VRT CLEARWELL 156.5 FT RATED FLOW 17350 GPM
1346787 PUMP ELEV 118 FT RATED SPEED 720 RPM
RES ELEV 332.5 FT RATED HEAD 210 FT
RATED POWER 1100 HP

DATE CURVE DEVELOPED: DEC. 15, 1950
CURVE E-121303

(1)

Measured
Head
(ft)
183
186
188

253

(2) (3) (4) (5) (6) (7) (8)
Efficiency
Measured Measured Measured Measured Computed from
Flow Current Power Power Efficiency Curve Percent
(1000 gpm) (AMPS) (KVARS) (HP) (%) (%) Difference

16.20 210 -130 826.42 67.73 85 -20.32
16.07 210 ~-110 829,32 67.78 -17.84
17.79 200 -110 789.11 79.85 83 -3.79
3.92 &0 110 299,11 62.34 34,07
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Table bhn

N
o Fleld Test KResults for Bryant Street Pumping Station, Pump 8

b MODEL # SAMATRURT CLEARWELL 154.5 FT RATED FLOW 17350 GPM
SERTAL # 1340788 PUMP ELEV 118 FT RATED SPEED 720 RPM
% RES ELEV 332.5 FT RATED HEAD 210 FT

o KATED POWER 1100 HP

" DATE CURVE DEVELOPED: JAN. 4, 1951
N CURVE # E-121347

:‘; (1) (2) (3) () (5) (6) (7) (8)

Efficiency

.t Measured Measured Measured Measure Measured Computed from

iR . e
P, Head Flow Current Power Power Efficiency Curve Percent
208 (ft) (1000 gpm) (AMPS) (KVARS) (HP) (%) (7) Difference

'\<: 176 15.28 230 150 903.89 56.18 79.3 ~29.15
250 .00 160 370 519.01 .00 N/A N/A
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Table D9
Field Test Results for Bryant Street Pumping Station, Pump 9

MODEL # 18NA37VRT CLEARWELL 156.5 FT RATED FLOW 10040 GPM
SERIAL # 1346789 PUMP ELEV 118 FT RATED SPEED 300 RPM
RES ELEV 420.7 FT RATED HEAD 310 FT
RATED POWER 1000 HP
(D (2) (3) (4) (5) (6) (7 (8)
Efficiency
Measured Measured Measured Measured Measured Computed from
Head Flow Current Power Power Efficiency Curve Percent
(ft) (1000 gpm) (AMPS) (KVARS) (HP) ) (%) Difference
269 11.81 200 120 787.65 75.93 N/A N/A
343 3.47 185 200 709.33 31.62 N/A N/A
352 .00 110 340 276.45 .00 N/A N/A
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- Table D10
l.
< Field Test Results for Bryant Street Pumping Station, Pump 10
AR
.
b,
23 MODEL # 18NA37VRT CLEARWELL 156.5 FT RATED FLOW 10040 GPM
‘ SERIAL # 1346790 PUMP ELEV 118 FT RATED SPEED 900 RPM
Ve RES ELEV 420.7 FT RATED HEAD 310 FT
o RATED POWER 1000 HP
ﬁ),‘
X
(1) (2) (3) (4) (5) (6) (7 (8)
28 Efficiency
2 . Measured Measured Measured Measured Measured Computed from
X Head Flow Current Power Power Efficiency Curve Percent
o _(fe) (1000 gpm) (AMPS) (KVARS) (HP) (2) () Difference
ah)
N 273 10.82 210 160 821.14 67.90 N/A N/A
e &
. 280 10.72 205 190 794.25 71.28 N/A N/A
. ° 317 10.28 190 210 727.19 84.58 N/A N/A
=9 - 343 6.14 140 300 470.16 84.34 N/A N/A
350 3.23 130 300 422.14 50.41 N/A N/A
2 352 2.43 105 320 269.38 59.85 N/A N/A
.,
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Table D]1
Field Test Results for Bryant Street Pumping Station, Pump 11

MODEL # SIZE 20x18 TYPE SG CLEARWELL 156.5 FT RATED FLOW 13900 GPM
SERIAL # 23564 23565 PUMP ELEV 118 FT RATED SPEED 720 RPM
RES ELEV 420.7 FT RATED HEAD 155 FT
RATED POWER 325 HP
(1) (2) (3) (4) (5) (6) @) (8)
Efficiency
Measured Measured Measured Measured Measured Computed from
Head Flow Current Power Power Efficiency Curve Percent
(ft) (1000 gpm) (AMPS) (KVARS) (HP) (%) (%) Difference
283 11.81 240 210 932.74 67.42 N/A N/A
387 .00 155 400 470.40 .00 N/A N/A
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APPENDIX E: PCP - PUMP COMBINATION PROGRAM

1. The pump combination program enumerates and ranks the various feasi-
ble pump combinations required to meet a specified system demand for a given
average tank level (over time) and may be used to develop cost operation
curves for use with the tank operation program (TOP). To rank the various
pump combinations, five main types of input data are required: the physical
description of the controlling tank, the initial and final tank levels, the
time interval, the average system demand, and a set of pump operation curves
for each pump combination.

2. Two sets of three pump operation curves are required as input for
each pump combination. The first set of curves (TLF curves) is used to
approximate the hydraulics of the system for each different pump combination.
Each curve describes the variation in pump flow for an assoclated tank level
and system demand. The second set of pump operation curves (TLC curves) is
used to approximate the pump operation costs assoclated with each different
pump combination. FEach curve describes the variation in cost for an associ-
ated tank level and svstem demand. In the computer program, each curve is
obtained by fitting a quadratic curve through three different data points
supplied by the user.

3. The pump combination program is written in Fortran and is run in a
batch mode. Input to the program is read from a user-supplied data file, and
output is directed to a user-supplied output file. Data input instructions
for PCP are given in Table El. The first card identifies the duration of the
specified operating period, the electric rate and average system demand for
the period, and the number of pump combinations to be considered. The second
card {s used to specify the tank area, the initial and final tank elevations,
and the three system demands that correspond to the three pump operation
curves.

4, Cards N1, Q1, Ci, Q2, C2, Q3, and C3 are repeated for each pump
combination. Card N1 identifies each pump combination with a set of numbers.
For each combination, the associated pumps are indicated by inputing a nonneg-
ative number in the corresponding data field.

5. The next three sets of cards are used to describe the pump operation

curves (TLF and TLC curves) for each pump combination. Cards Ql and Cl are

El




£

N

i&g Table El

K o Data Input Instructions for PCP

';}f Card Variable
.i?: Group Format Column Description Name
W c1 2% 1-2 Card Group Identifier

}{3 F8.0 3-10 Time Interval (hr) DTIME
::Sd F10.0 11-20 Electric Rate (¢/kWhr) PKWHR
;;ﬁ F10.0 21-30 System Demand (gpm) QDEM
Y 110.0 31-40 Number of Pump Combinations NCOMB
o I110.0 41-50 Debug Flag IBUG
b

&

e

POy C2 2X 1-2 Card Group Identifier

> F10.0 3-10 Total Area of Tanks (sq ft) ATANK
;;ﬂ F10.0 11-20 Initial Tank Elevation (ft) ETANK
}ﬁ; F10.0 21-30 Final Tank Elevation (ft) FTANK
}" F10.0 31-40 Maximum System Demand (gpm) QMAXD
:__ F10.0 41-50 Medium System Demand (gpm) QMIDD
:25 F10.0 51-60 Minimum System Demand (gpm) QMIND
- ,

Repeat Cards N1, Ql, Cl, Q2, \

_} C2, Q3, C3 for each pump
qtﬁ combination I = 1, NCOMB
D ,'1‘
- '
' t
@
- N1 2X 1-2 Card Group Identifier .
e -
o I3.0 3-5 Pump 1 ID # NNPC(I,1) |
oy 15.0 6-10 Pump 2 ID # NNPC(I,2) 5
e 15.0 11-15 Pump 3 ID # NNPC(I, 3) A
Fr - 15.0 16-20 Pump 4 ID # NNPC(I, 4)
-
K7- 15.0 21-25 Pump 5 ID # NNPC(I,5) o
= ;
AL
- (Continued)
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Table El (Continued)

Card Variable
Group Format Column Description Name
110.0 26-30 Pump 6 ID # NNPC(I,6)
110.0 31-35 Pump 7 ID 4 NNPC(1,7)
110.0 36-40 Pump 8 ID # NNPC(I,8)
Static Head vs. Flow Rate
Curve for QMAXD
Ql 2X [-2 Card Group Identifier
F8.0 3-10 First Static Head (ft) X1
F10.0 11-20 First Flow Rate (gpm) Y1
F10.0 21-30 Second Static Head (ft) X2
F10.0 31-40 Second Flow Rate (gpm) Y2
F10.0 41-50 Third Static Head (ft) X3
F10.0 51-60 Third Flow Rate (gpm) Y3
Static Head vs. Unit Cost
Curve for QMAXD
o 2X 1-2 Card Group Identifier
F8.0 3-10 First Static Head (ft) X1
F10.0 11-20 First Unit Cost (¢/kgal/hr) Y1
F10.0 21-30 Second Static Head (ft) X2
F10.0 31-40 Second Unit Cost (¢/kgal/hr) Y2
F10.0 41-50 Third Static Head (ft) X3
F10.0 51-60 Third Unit Cost (¢/kgal/hr) Y3
(Continued)
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Table E1 (Continued)

~~

"
ﬂt\ Tard Variable
‘et Group Format Column Description Name

Static Head vs. Flow Rate
Curve for QMIDD

Q2 2X 1-2 Card Group ldentifier

F8.0 3-10 First Static Head (ft) X1

F10.0 11-20 First Flow Rate (gpm) Yl

F10.0 21-30 Second Static Head (ft) X2
'?ﬁf F10.0 31-40 Second Flow Rate (gpm) Y2
F10.0 41-50 Third Static Head (ft) X3
ﬂt;g F10.0 51-60 Third Flow Rate (gpm) Y3
o
o
o

Static Head vs. Unit Cost
Curve for QMIDD

ilgg c2 2X 1-2 Card Group Identifier
)
B F8.0 3-10 First Static Head (ft) X1
ig&ﬁ F10.0 11-20 First Unit Cost (¢/kgal/hr) Yl
‘2)} F10.0 21-30 Second Static Head (ft) X2
Ay F10.0 31-40 Second Unit Cost (¢/kgal/hr® Y2
\‘
o5 F10.0 41-50 Third Static Head (ft) X3
N
)‘_;:- F10.0 51-60 Third Unit Cost (¢/kgal/hr) Y3
g
i
o
) ‘
?ﬂ Static Head vs. Flow Rate :
jb Curve for QMIND ‘
™ ‘
3%} )
.:' Q3 2X 1-2 Card Group Identifier ]
i F8.0 3-10 First Static Head (ft) X1 )
N !
o F10.0 11-20 First Flow Rate (gpm) Yl ]
Ny ',
.
 ) (Continued) q
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b Table El (Concluded)
J
* Card Variable
X EIREE Format Column Description Name
\j
- F10.0 21-30 Second Static Head (ft) X2
o
> F10.0 31-40 Second Flow Rate (gpm) Y2
i
N F10.0 41-50 Third Static Head (ft) X3
o F10.0 51-60 Third Flow Rate (gpm) Y3
™
X Static Head vs. Unit Cost
o Curve for QMIND
0
w
<o C3 2X 1-2 Card Group Identifier
F8.0 3-10 First Static Head (ft) X1
K-* F10.0 11-20 First Unit Cost (¢/kgal/hr) Y1
- F10.0 21-30 Second Static Head (ft) X2
o F10.0 31-40 Second Unit Cost (¢/kgal/hr) Y2
H F10.0 41-50 Third Static Head (ft) X3
>
e F10.0 51-60 Third Unit Cost (¢/kgal/hr) Y3
?-1:3;
! f'-
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used to describe the tank level versus discharge and tank level versus unit
cost curves for the operating condition corresponding to a maximum system

I demand of QMAXD. These cards are used to describe the top curve of the three
TLF and TLC curves associated with each pump combination. Cards 0. and C2 are
used to describe the tank level versus discharge and tank level versus unit
cost curves for the operating condition corresponding to an average system

i demand orf (UMIDD, These cards are used to describe the middle curve of the
three TLF and TLC curves assoclated with each pump combination. Finally,

cards 3 and C3 are used to describe the tank level versus discharge and tank

level versus unit cost curves for the operating condition corresponding to an

average svstem demand of QMIND. These cards are used to describe the lower

ni' curve of the three TLF and TLC curves associated with each pump combination
;}:: (see Figures El and E2),
f;j' 6. A complete listing of the program is provided as Figure E3. A typi-
_ cal input data file is shown in Figure E4. A typical output data file is
b shown in Figure ES. _
1 -
e 3

<

PSR-

A A

L T Y SR VRS U
2 TR

R

* ﬂ * .
Ll
v

5

R
.

Ay 'y

e
;

A B 3
as € 4V
(% ._x‘«..“-x. oy
AMMIREYE
L Y T L)
..
~

P,

[y
L e B T

% SN S ST

S ,i

LR N

o

(g

E6

L e T It

-
e @4
AR

)
)

5 &




B
&Y
o .',l‘.‘_ )]

.

I\

-

v @
)

.
3
. vl

.

AR
.

[y
.
B
PN S
ok

Gl

<"

8 PO
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Figure El.

TANK LEVEL, FT

Tank level versus pump discharge (TLF curves)

Figure E2.

TANK LEVEL, FT

Tank level versus unit cost (TLC curves)
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T
) :
o
Ty
'.:'. C L2 2222222222222 RS RS SR 22X 2 4
o c + PCP - PUMP COMBINATION PROGRAM *
" C » *
i
' c # AUTHOR - LINDELL E. ORMSBEE *
L C » »
o c * LATEST REVISION 12/1/86 .
':\- C IZZXZXXZLZZEZESZZZZTZSR AR RS R AR 2 S 2
-!.‘-‘ C
BN
" c THIS PROGRAM WILL LETERMINE THE MOST EFFICIENT COMBINATION
D) c OF PUMPS REQUIRED TO SATISFY A GIVEN SYSTEM DEMAND AND AVG
et o STATIC HEAD.
A c
o\ C FOR EACH COMBINATICN OF PUMPS A STATIC HEAD VS DISCHARGE
i c AND A STATIC HEAD VS UNIT COST CURVE ARE REQUIRED. THESE
o C CURVES MAY BE GENERATED USING THE PROCEDURES GIVEN IN
e o AFPPENDIX C.
c
L COMMCN/ELKL/ X0,Y0,X1,Y!,x2,v2,C1,C2,C3
T c
L DIMENSICN NNPC(100,6),8P(100) ,CP(100),CCST(100)
o DIMENSICN OX(21,3),Cx(21,3),CM¢21,3),CM(21,3),0N¢21,3),CN(21,3)
S DIMENSICN GB(100),CB(1C0),0A(100),CA(100),1AP(100),EP(100)
- DIMENSICN 1AC(100),1BC(100),0CA(100),QGCB(100),FCA(100),FCB(100)
o DIMENSICY CCAC100),C0B(100),CRA100),CRB(100)
T C
e CHARACTES+14 FILOT,FILIN
". C
e REAL X0,Y0,X1,71,X2,Y2
{ c
N 201 FORMAT(110)
e 202 FORMAT(F10.0) :
C !
-~ WRITE (#,1) )
:; 1 FORMAT(’/ INPUT NAME OF INPUT FILE'/) .
) READ(#,3)FILIN
i WRITE(*,2)
e 2 FORMAT(’/ INPUT NAME OF QUTPUT FILE’/) !
- READ(#,3)FILOT .
o 3 FORMAT(A14) )
b \.; c A
A% OPEN(S,FILE=FII_IN,STATUS="0LD")
9 OPEN(&,FILE=FiLOT,STATUS="NEW’ ) d
e c N
. c BB RR AR RRR R -
N o #+ READ IN DATA #
-_-‘:, C FRARERRRRBERRER RS
P C
@ c DTIME = TIME INTERVAL (HRS)
... c PKWHR = ELECTRIC RATE {(C/KWHR) 3
- c ODEM = SYSTEM DEMAND N
- c NCOMB = NUMBER OF PUMP COMBINATIONS r]
R c CEBUG = DEBUG FLAG (0=NORMAL CQUTPUT, 1=EXTENDED OUTPUT) ’
c ”
)
oS READ(S,6)DTIME,PKWHR,QDEM,NCOMB, 1BUG
bl Figure E3. Program listing for PCP (Sheet 1 of 7) N
. .
o o9
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k)
]
' 4  FORMAT(2Y,FB8.0,2F10.0,2110)
c
) C ATANK = AREA OF CONTROLLING TANK
N C ETANK = INITIAL TANK ELEVATION
o C FTANK = FINAL TANK ELEVATION
j C OMAXD = MAXIMUM SYSTEM DEMAND
- C gOMIDD = MEDIAN SYSTEM DEMAND
; c GMIND = MINIMUM SYSTEM DEMAND
- c
. READ(S,S)ATANK,ETANK ,F TANK ,QMAXD,GMIDD,GMIND
. 5  FCRAMAT(2Y,F8.0,5F10.0)
e C
= HAVG= (ETANK+FTANK) /2.0
o CSTR=(FTANK-ETANK) ATANK #4488/ (DTIME*35600.0)
. GREQ=GDEM-CSTR
- IF(GREG._5.0.0)G0TQ 200
C
‘) C1=0.0
2 £2=0.0
::. C3=0.0
» C
. JI=NCCOMB+
C
N DO 7 I=1,5
N NNPC(JJ,1)=0
. 7  CONTINUE
o c
- c READ IN STATIC HEAD VS DISCHARGE CURVES X = H,
{ c STATIC HEAD VS UNIT COST CURVES X = H,
. C TCR FLCW VALLES OF CMAXD, GMIDD, GMIND
.j C
- C

v

@

FORMAT (2X,13,713)

. 9 FDRMAT(2X,FB.0,5F10.0)
4 c
: DO 12 I=1,NCOMB
;ij READ(S,8) (NNPC(1,7),J=1,8)
. READ(S,9)X0,YO0, x1,Y1,X2,vY2
- CALL SCLRVE ( 1EUG)
N OX(1,1)=C1
-« OX(1,2)=C2
h - GX(1,3)=C3
- READ(5,9)X0,Y0,X1,Y1,X2,Y2
h CALL SCLRVE (1BUG)
- CX(1,1)=Cl
S0 Cx(1,2)=C2
L CX(1,3)=C3
- @ READ(S,9) X0, 70, X1,Y1,X2,V2
K.~ CALL SCLRVE(IBUG)
e aM(1,1)=Ct
K aM(1,2)=C2
T oM(1,3)=C3
L READ(S,9)X0,Y0,%1,Y1,x2,v2
B CALL SCURVE (1BUG)
- Figure E3. (Sheet 2 of 7)
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12

CM(I,1)=C1

tMcr,2r=C2

CM(1,31=C3
READ(3,9)X0,Y0,X1,Y1,X2,Y2
CALL SCURVE(IBUG)
GN(T,1)=C1t

Gn(T,2)=C2

GN(T,3)=C3
READ(S,91X0,Y0,X1,Y1,X2,Y2
CALL SCURVE(IBUG)
CN(I,1)=Cl

CN(I,2)=Ce

CN(I,3)=C3

CONTINUE

R Yy Ty Y
#+ DETERMINE FLOW AND CCST FCR «
+ FACH PUMP COMBINATICN .

I R Y YTy TN
HAV2=HAVG#=2
GDELT=(QDEM-QMIND) /(QMAXD-GMIND}

DO 16 I=1,NCOMB
QsUM=0.0
CSUM=0.0

GPN=QN(I,1)+(QN(T,2)*#HAVG)Y +(QN{],3) eHAVS)
QPM=GM(1,1)+(QM(1,2)+HAVG) +(QM{1,3)*HAVE)
QPX=QX (1,1 )+(QX(I,2)*HAVG)+(QX (I ,3)*HAVE)

SET X’S AND Y’S TO DEMAND AND FLCWRATE
X0=QMAXD

YO=QPX

X1=QGMIDD

Y1=Q0PM

X2=QMIND

Y2=GPN

CALL CURVE FITTING ROUTINE

CALL SCURVE(IBUG)

QP(1)=Cl + CR+QDEM + C3+0QDEM+QDEM
QP (1) =QPN+((QPX-GPN)+QDELT)

CPN=CN(I,1)+(CN(I,2)¢HAVG)+(CN(I,3)*#HAV2)
CPM=CM(],1)+(CM(I,2)#HAVG)+(CM(],3)*HAVS)
CPX=CX(1,1)+(CX(1,2)«HAVGI+(CX(],3)*HAVE)

SET X'S AND Y'S TO CEMAND AND FLOWRATE
X0=QMAXD

YO=CPX

X1=GMIDD

Y1=CPM

Figure E3. (Sheet 3 of 7)
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X2=GMIND
Y2=CPN

IR RTINS

(@]

AL CURVE FITTING ROUTINE
CALL SCURVE(IBUG) -3
CP(1)=C1 + C2+QDEM + C3*QGDEM*QDEM )

CP(T1)=CPM+( (CPX-CPN)#GDELT) 1

0O0Oo0O

G)

COIWRITECS,99) 1L,GREQL,QP(TY ,CPR( D)
yGRET, CP(I), CPCIY ,15,3F10.2)

M e
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DO 20 1=1,NCCMB

IF(GP(1).LE.GREQIGOTC 18
Ia=1A+]
IAP (1A =] \
GA(TA) =GP ()
CALIAM=CP(I)
GO0 TO 20

18 1B=18+1
IBP(1B) =1
QB(1B)=GP(1)
CB(1B)=CP{I) A

20 CCNTINUE "

O B Naw'

@]

IF(IA.LE.0)GD TO 300

[ Y TR Y YT Y YN X ‘
+ ENUMERATE THE POSSIBLE » :
« COMBINATICNS 0OF PUMP * N
« COMBINATICHNS .

[ ERE R AL RS SRS XSRS SR R EERFY]

OO0 0O000n

IC=0

LD 26 1=1,1A

LQ 22 J=1,18 !
IC=1C+!

FB=(GRED-GACTY I /USRI -2hce )

Figure "3,  (Sheet 4 ot /) h
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» FA=(1-FB)
‘N 1AC(1 =1AP(1)
IBR(IC)=13P(]) !
GCACICI=GA(T)
: PCBLICY=0B(T) N
. FCACICI=FA i
FCB(1C)=FB :
CRA(IC)=CA(D) .
CRB(IC)=C3(I) -
X CCALIC)=.0005¢DT IME+PKIHR*FACCA( ) e0AL )
. CCBUIC)=.0006¢DTIME«PKWHReFBeCB(J)eQB(])
- COST(IC)=CCALIC)+CCBIIC) ;
= IF(IBUS.GE, 1)WRITE(6,97)V1C,COST(IC)Y "
\ IF(IBUG.GE. 1 JWRITE(6,961 IACCIC) ,CCACIC) FCACIT [ 22A 10 IRALIC)
o IF{IBUG.GE. 1) WRITE(L,95) IBC¢ICY . GEZCIC)FCELITI,ZIB0IC, , IRE(ID) -
97 FORMAT(*I1C,CC3T°,15,F10.2)
96 FOR™AT(’IAC,GCALFCALZCALCRA? .15,~F10.E)
95 FORMAT(’18C,308,#C8.CCB.CRB',15,4F10.2)
22 CONTINUE A
24 CONTINUE

Nt .".".(':'
-y -
AR

. ., a
.t

242502000000 0000000 %
* SORT AND RANK THE e
« COMBINATIONS .

SR 22200200000000

,v.
Sl el
OO0O0O00 0

PR SR e
L L.

JUMP = IC

26 JuMP=JumP/2
IF(JUMP.ED.O)GD TD 90
J2=1C-JuMP
DO 30 J=1,J2
1=3

28 J3=1+JUuMP
IF(COST(1).LE.COST(I3)1G0 TO 30 .

i P
s N L
o N
| S

P

VAN NN
« 8 .

CALL SWAP(COST(1),COST(33)) :
CALL SWAP(QCA(1),Q@CA(I3))
CALL SWAP(QCB(1),Q@CB(JII))
CALL SWAP(FCA(I),FCA(J3))
CALL SWAP(FCB(1),FCB(J3))
CALL SWAP(CCA(I),CCA(I31)
CALL SWAP(CCB(1),CCB(I3))
CALL SWAP(IAC(1),1AC(]I3)) o
CALL SWAP(IBC(I),IBC(I3)) -
CALL SWAP(CRA(1),CRA(J3)) o
CALL SWAP(CRB(1),CRB(J3) )

W
‘lll‘l‘ll

a
.

Ry ¥

- -
LI R T
g I AR L
v

e

I=1-JumP

IF(1.67.0)G0 710 @8
30 CONTINUE

GOT0 26

)

- gl

BREJRERATRRIRIRERSR

+ QUTPUT RESULTS =«

'f-fk\
OO0

Figure E3., (Sheet 5 of 7) T
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L.

90 WRITE(6,40)
M WRITE (6,41 )YHAVG

. WRITE (6,42)Q0EM
~ WRITE (6,51 )QREQ -
> WRITE(6,43)PKWHR ;

WRITE(6,44)DTIME

FORMAT(* PUMP EFFICIENY PROGRAM '/)

1 FCRMAT(® AVG STATIC HEAD = ',F10.2) .
2N 42 FCRAMAT(' SYSTEM DEMAND (GPM) = ’,F10.2) .
N S1 FCRMAT(’' PUMP CEMAND (GPM) = ’,F10.2)
o 43 FCRMAT(® KILCWATT RATE = ’,F10.2)
5 L4 FCRMAT(’ TIME INTERVAL = ’,F10.2/)

L3 <2 I=1,1C ‘
K~ WRITE(6,43)1,C0ST(]) -
. 4S FORMAT(//® SCLUTION NUMBER = *,15," TOTAL COST = ',F10.2/) -

K- J=1AC( 1) Ny
N K=1EC(D) by
e WRITE(&,66) (NNPCIT,T1),J1=1,6),02AC1) ,FCAC]),CRACT),CCACD) K
g WRITE(6,47) (NNPCIK,K1) ,K1=1,6),3C8(1),FCB(1),CRBC1),C2B(]) v
k= Lo FORMAT(® PUMES = *,812,° FLCW = ",FB.2,' P = *,F4.2," C K3AL = ',F .
- 6.2, CCST = ',F8.2) -
o 47 FORMAT(® PUMPS = *,412,' FLCW = ',FB.2," P = *,F4.2,' C wGAL = ',F -
- #5,2,' COST = ’,FB.2) :
K- - S0 CONTINLE 9

‘ C
P GO TC 500
o c N
- 200 WRITE(6,48) .
a 48 FORMAT(’ SYSTEM DEMANDS SATISFIED BY TANK - NO PUMP NECESSARY’) X
- GO TO 500 .
. C
J 200 WRITE(6,49)
i;: 49 FORMAT(’ ALL PUMP CAPACITIES TCO LOW FOR REQUIRED DEMAND’) j
y 500 CONTINUE .
. c .
A .
o END ;
o) o X
C RSB IRNASRABEINES
e c s SUBROUTINE SWAP «
- Cc HBEBRBEIAEBREBAT NSRS .
o

SUBRCUTINE SWAP(A,B)

REAL A,3,HGLD

2% .
s KOLD=A .
.- A=B -
S _

Ar B=HCLD A
v‘,:-’ RETUP.‘J ‘o
a' “

END

Figure E3,

(Sheet 6 of 7)
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h LN S
}l'a PRI

5

Cuny

@Yy

P e et |
[
.8

B AR
Do @A

. »
PR AN

-~
-
»
-l
¢
o

nDoOono0On

0

#RERAEREERFESREEERERES

+ SUBROUTINE SCURVE «

RERERRER BRI RIRRR IS
SUBROUTINE SCURVE(1BUG)
COMMON/BLK1/X0,Y0,X1,Y1,Xx2,Y2,C1,C2,C3

REAL X0,Y0,X1,Yl,Xx2,Y2
DOUBLE PRECISICN RO,R1,R2

IF(IBUG.GE.1IWRITE(6,1)

FORMAT(’ ENTER SCURVE ")
IF(IBUG.GE.1J)WRITE(4,2)X0,Y0,X1,Y1,X2,Y2
FORMAT(? X0,Y0,X1,Y1,x2,Y2 *,6F14.6)
XX0=(X0-X1)#(X0-X2)

RO=Y0/XX0

XX1=(X1-X0)#(X]l=-X2)

Rl1=Y1/XX]

XX2=(X2-X0)*(X2-X1)

R2=Y2/XX2

Cl=RO#X1#X2+R]1 #X0#X2+R2#+X0*X]
Ce=(=-RO#(X1+X2))~(R1#(XO0+X2))=(R2#(X0+X1})
C3=RO+R1+R2

FCRMAT(* EXIT SCURVE )
IF(IBUG.GE.1WRITE(S,4)XX0yXX1,X)E
FORMAT(’ xX0,XX1,xx2 ’,3Ft2.6)
IF(IBUG.GE.1)WRITE(&,5)R0O,R1,R2,C1,C2,C3
FORMAT(’ RO,R!,R2,C1,C2,C3 ",6F12.6)
IF(IBUG.GE.1YWRITE(&,3)

RETURN
END

Figure E3. (Sheet 7 of 7)
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DOOAOFY ik

e g

L3
b C1 1 2.95  38000.0 1 0 :
¢ C2 114861. 327.8 327.2 60000, 35000, 10000, y
\ NI ) o o o0 ©0 o0 o o .
K a1 33S. 19224 . 325.5 19795. 318. 20373. :
5 (o 33s. L7674 326.5 L7713 318. .7792
5 Qe 33S. 16898. 326.5 17574, 318. 18240.
.- ce 33S. .7816 326.5 .7731 318. .7681
. Q3 33S. 15433, 326.5 16032. 318. 16629.
.- c3 33s. ¢.8112 326.5  0.7972 318. 0.7858 ;
R NI 1 2 0 0 0 0 0 0 j
) Q1 33s. 33194, 326.5 34234, 318. 35250, A
N C1 33s. . 7864 326.5 .778S 318. .7726 .
o a2 33s. 29289. 326.5  30307. 318. 31240. g
= ce 33s. .8320 326.5 .8186 318. .806S ,
- 03 335, 24304. 325.5 2S4S, 318, 2ss2s. i’
oy c3 33s. 0.5028 326.5 0.6854 318. 0.870¢ '
N1 1 2 3 ) 0 0 0 0
A a1 335. 42368. 326.5 43529, 318. 44651,
> Ct 335. 0.8470 326.5 .8362 318. .8260 o
S g2 33s. 35527. 326.5 37035. 318. 38350. ;
3 ce 33s. 0.9116 326.5 0.8968 318. 0.8839 .
O 03 335. 27147, 328.5  28679. 318.  30107. )
Py €3 33s. 1.0311 326.5 1.0041 318. 0.°9e16 3
o NI O 0 0 ! 0 o 0 0
T o1 33s. 21734, 326.5 21988. 318. 22222,
o Ct 33s. L6744 326.5 6654 318. . 6555 -
L Q2 33s. 18225. 326.5 18729, 318. 192¢C5. .
. ce 33s. . 7443 326.5 .7380 318. 7314 .
o 03 33s. 15312, 326.5 15912. 318. 16464,
{ c3 33s. 0.7793 326.5 0.7714 318. 0.7647
jz N1 1 0 0 1 0 0 0 0
R o1 33s. 38937. 326.5 39781, 318. 40622.
Nt ct 335. .7281 326.5 .7228 318 .7185
K- e2 33s. 34355, 326.5 35586. 318. 34770.
b, ca 33s. L7677 326.5 .7592 318 .7523 \
J 03 33s. 29444, 326.5 30599. 318. 31690.
oy c3 33s. 0.8088 326.5 0.7948 318. 0.7866
;.’« N1 1 2 0 1 0 0 0 0
NN o1 33s. S2551. 326.5 53906. 318. 55239, .
s Ct 33s. . 7607 326.5 .7515 318. 7434 :
N 02 335. 46317, 326.5 47811, 318. 49198.
é ce 33s. 0.8069 326.5 0.7965 318. 0.7865
e Q3 33s. 36513, 326.5 38204. 318. 39771. :
W’ c3 335. 0.8818 326.5 0.8664 318. 0.8533 )
Y Nt 1 @8 3 1 o o o0 0 ‘
‘:hj a1 335. 61584, 326.5 63183. 318. 64656. )
" C1 335. 0.8068 326.5 0.7971 318. 0.7878
e @2 335.  Sl1e47. 326.5  53506. 318.  SS5245,
B Ce  335.  0.8688 326.5  0.8571 318.  0.8446
S @3  335.  38518. 226.5 40510, 318,  42373.
5o €3  335.  0.9816 326.5  0.9593 318, 0.9405 ]
[0 NN O O o 1 2 o0 o o0 '
S 1 33s. 33302. 326.5 34228. 318. 35136. y
s c1 33s. . 7625 326.5 .7571 318. .7502 y

Figure E4. Example input for PCP (Continued)

E15

‘ﬂ' H'- .l' -[ 'l. .L: e

R VN PP WS PR PR O W PR v W




@2 335. 27480. 326.5 2gsé2. 318. 29386.
ce 335. 0.8031 326.5 0.7952 318. 0.7884
Q3 335. 18954, 326.5 19868. 318. 20731,
c3 335. 0.950%9 326.5 0.9247 318. 0.9063
NG L 0 0 1 2 0 0 0

Q1 335. 49315. 326.5 31082. 318. 52656.
C1 335. -7715 326.5 L7657 318. L7610
Q2 335. 43366. 326.5 435076, 318. 46520,
ce 33S. 0.8014 326.5 0.7921 318. 0.7849
@3 335. 32445, 326.5 33870. 318. 35206.
c3 33S. 0.9167 326.5 0.8935 318. 0.8773
N1 1 e 0 1 2 ) 0 0

Q1 335. £3253. 326.5 65354. 318. 67371.
C1 335. 0.7879 326.5 0.7790 318. .7715
Qe 33s5. 543547, 326.5 S6311. 318. 57948.
ce 33S. 0.8327 326.5 0.8221 318. 0.8126
G3 33s. 3B626. 326.5 «0517. 318. 62294,
c3 335. 0.9796 326.5 0.9557 318B. 0.9353
N1 1 2 3 1 e 0 0] 0]

Q1 33S. 71740. 326.5 73933. 318. 76014,
C. 33sS. 0.8B2%5 326.5 0.8165 318, 0.8083
Q2 33S. 59195. 326.5 61277. 318. 63206.
ce 335. 0.8874 326.5 0.8752 318. 0.8647
Q3 33s. 40349, 326.5 42497, 318. 44302,
C3 33S. 1.0748 326.5 1.0445 318. 1.0189

Y

K .' .' .I

Figure E4. (Concluded)
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o
i_
SR
= PUMP COMBINATION PROGRAM
M ' AVG STATIC HEAD (FT) = 327.50 PUMPS = (PUMP COMBINATIONS)
_ SYSTEM DEMAND  (GPM) =  38271.00 FLOW = (GPM)
Ty PUMP DEMAND (GPM) = 29679.75 P = (PERCENT OPERATION TIME)
f{f. KILOWATT RATE (C/HR)Y = 2.95 U COST = (LENTS/1000 GALLONS/HR)
- TIME INTERVAL  (HRS) = 1.00 COST = (DOLLARS)
AN
0~
)
e SOLUTICN NUMBER = t TOTAL COST = 39.38
" -
s PUMPS = 7 0 0 7 0 0 FLCW = 36040.16 P = .63 U COST = .76 COST =  30.12
.- PUMPS = 0 0 0 7 0 0 FLOW = 19075.12 P = .37 U COST = .73 COST = 9.26
.-'{.‘
oy SOLUTION NUMBER = 2 TOTAL COST = 39.63
"-:':
bt - PUMPS = 7 0 0 7 0 0 FLOW = 36040.16 P = .82 U COST = .76 COST = 39.68
b PUMPS = 0 0 0 0 0 O FLOW = .00 P = .18 U COST = .00 COST = .00
K"
>
o SOLUTION NUMBER = 3 TOTAL COST = 39.86
A
o PUMPS = 7 0 0 7 0 O FLOW = 3604C.16 P = .65 U COST = .76 COST = 31.43
i PUMPS = 7 0 0 0 0 O FLOW = 17747.33 P = .35 U COST = .77 COST = 8.43
o
-
¢ “.n
{ SOLUTION NUMBER = 4 TOTAL COST = 40.15
"y
o
-)':-‘ PUMPS = 7 0 0 7 8 0 FLOW = 45981.86 P = .39 U COST = .79 COST = 25.19
}‘.: PUMPS = 0 0 0 7 0 O FLOW = 19075.12 P = .61 U CCST = .73 COST = 14.96
'
:;-"‘:u
i SILUTION NUMEBER = S TOTAL COST = 40.25
AN PUMPS = 7 80 7 0 0 FLOW = 48640.10 P = .36 U COST = .79 COST = 24 .41
'__-'. PUMPS = 000 700 FLDOW = 19075.12 P = .64 U COST = .73 COST = 15.84
7\_.-‘
1.1-"-“ SOLUTION NUMBER = 6 TOTAL COST =  40.70
- PUMPS = 7 8 0 7 8 0 FLOW = 57674.90 P = .27 U COST = .81 COST = 22.78
PUMPS = 0 0 0 7 0 0 FLOW = 19075.12 P = .73 U COST = .73 COST = 17.91
SOLUTION NUMBER = 7 TOTAL COST = 41.01
PUMPS = 7 0 0 7 B 0 FLOW = 45981.B6 P = .42 U COST = .79 CQOST = 27.01
PUMPS = 7 0 0 0 0 O FLCOW = 17747.33 P = .58 U COST = .77 CDST = 14.00
o
bty oS Figure E5. Example output from PCP
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APPENDIX F: TOP - TANK OPERATION PROGRAM

1. The tank operation program (TOP) may be used to generate an optimal
tank trajectory for the controlling storage tank in a given pump service area.
The optimal tank trajectory is a curve that indicates the optimal tank level
at a given time during a specified operating period. The controlling storage
tank is that tank which controls the hydraulics of the associated pumping sta-
tion. The tank operation program is based on dynamic programming. A summary
of the theoretical basis for the program is provided in Appendix E.

2. Once the optimal tank trajectory has been determined, the optimal
pump combinations can be obtained by applving the pump combination program

(PCP) to each time interval. To determine the optimal tank trajectory the
following data are required: the physical characteristics of the tank, the
range and number of allowable tank levels, the number and length of the time
intervals in the desired trajectory, the electric rate schedule, the system
demand pattern, and a set of three cost operation curves.

3. The cost operation curves are used by the program to determine the
cost associated with a particular tank transition (the transition from one
water surface elevation to another over a specified period of time) and
required pump flow, and are developed by applying the PCP (described in Appen-
dix E) for a range of system demands and tank transitions. Three different
cost operation curves are required to describe the system dynamics. The first
curve represents the cost associated with a given pump discharge when the tank
is fi1lling at a rate of N feet per hour. The second curve represents the
cost assocliated with a given pump discharge when the tank is nelither draining
nor filling. The third curve represents the cost associated with a given pump
discharge when the tank is draining at a rate of N feet per hour.

4., The tank operation program is written in Fortran and is run in a
batch mode. TInput to the program is read from a user-supplied data file, and
output 1s directed to a user-specified output file. Instructions for data
preparation for TOP are given in Tabhle Fl. The first card 1s used to specifyv
the number of time intervals in the operating period and the length of each
time interval in hours. The second card 1s used to specifv the average cross-

sectional area of the controlling tank, the initial tank level, the maximum
tank level, the minimum tank level, and the number of intermediate tank

levels. The next three cards are used to specifv the three cost operation

Fl




\.' - - A
4 \:
R4
r
i !
=~ ~
< Table Fl :
S o
o Data Input Instructions for TOP .
'l
55: Card Variable i,
= Group Format Column Description Name ‘
v TIME DATA :
. .
N K1 2X 1-2 Card Group Identifier x
iy d
- 18 3-10 Number of Time Intervals NST 4
e I10 11-20 Length of Each Time IDHR )
» Interval (hr) g
& 110 20-30 Debug Flag IBUG 3
N TANK DATA i
{ K2 2X 1-2 Card Group Identifier =
o Y
o F8.0 3-10 Tank Area (sq ft) ATANK .
t F10.0 11-20 Initial Tank Elevation (ft) EINT 3
~
S F10.0 21-30 Maximum Tank Elevation (ft) EMAX
F10.0 31-40 Minimum Tank Elevation (ft) EMIN y
. 0
" 110 41-50 Number of Intermediate NES o
- Elevations b
- ’
o By
1,9 -
[

FIRST COST OPERATION CURVE

3
1

> £
4,0, % %

[l ]

o :
.3; cl 2% 1-2 Card Group Identifier *
ff F8.0 3-10 Tank Filling Rate F (ft/hr) F Ekf
' F10.0 11-20 First Flow Rate (gpm) X0 -
. F10.0 21-30 First Unit Cost ($/hr) YO E&i
1
= (Continued) ::. |
*d (Sheet 1 of 3) :%
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Table Fl (Continued)

Card Variable
Group Format Column Description Name

¢l F10.0 31-40 Second Flow Rate (gpm) X1
F10.0 41-50 Second Unit Cost ($/hr) Yl
F10.0 51-60 Third Flow Rate (gpm) X2
F10.,0 61-70 Third Unit Cost ($/hr) Y2

SECOND COST OPERATION CURVE

c2 X 1-2 Card Group Identifier
F8.0 3-10 LEAVE BLANK
F10.0 11-20 First Flow Rate (gpm) X0
F10.0 21-30 First Unit Cost ($/hr) YO
F10,0 31-40 Second Flow Rate (gpm) X1
F10.0 41-50 Second Unit Cost ($/hr) Y
F10.0 51-60 Third Flow Rate (gpm) X2
F10.0 61-70 Third Unit Cost ($/hr) Y2

THIRD COST OPERATION CURVE

3 2X 1-2 Card Group Identifier
FR.0 3-10 Tank Draining Rate (ft/hr) D
F10.0 11-20 First Flow Rate (gpm) X0
FI10,0 21-30 First Unit Cost ($/hr) Y0
FI0,0 31-40 Second Flow Rate (gpm) X1
F10.0 41-50 Second Unit Cost ($/hr) vl

(Continued)
(Sheet 2 of 3
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Table Fl1 (Concluded)

Card Variable
Group Format Column Description Name
C3 F10.0 51-60 Third Flow Rate (gpm) X2
F10.0 61-70 Third Unit Cost ($/hr) Y2
PUMP CONSTRAINT DATA
Ql 2X 1-2 Card Group Identifier
F8.0 3-10 Maximum Pump Discharge (gpm) QMAX
F10.0 11-20 Minimum Pump Discharge (gpm) QMIN
SYSTEM DEMAND AND ELECTRIC RATE SCHEDULES
Repeat for Each
Time Interval I, I = 1, NST
Tl 2X 1-2 Card Group Identifier
F8.0 3-10 Time (hr) TYME(I)
F10.0 11-20 Demand (gpm) QD(D)
F10.0 21-30 Electric Rate (¢/kWhr) RKWD (1)

(Sheet 3 of 3)
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.:- curves. Fach curve is described using three different data points. Each data
o

L ! point 1is defined bv a unit cost and an associated pump discharge for a given
oy tank transition. The final card 1s repeated for each time interval in the

»:: simulation. For each interval, the time (ending hour), average svstem demand,
::' and electric rate are specified.

N S. A complete listing of the program is provided as Figure Fl. A typi-
!

Y cal input data file is shown in Figure F2. A typical output data file is

:f shown fn Figure F3.
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(2 XSRS RS RS2 R AR SRR RRR X2 R

TOP - TANK OPERATION PROGRAM
*

I "’
LA ]
SRy

AUTHOR - LINDELL E ORMSBEE
LATEST REVISIGN 12/1/86

LEZ SRS S22 2222222 2R 2 2 2 3

DIMENSION TYME(235),E(25,51),]P(25,5!),C3¢(25,51),CC(25,51),QT(25,51
1),QP((25.51)

DIMENSION TYME(25),E(25,101),1P(25,101),C3(25,101),CC(25,101)
DIMENSION QD(25),RKWD(25)

COMMON /BLK1/ XO0,Y0,X1,Y1l,Xx2,Y2
COMMON /BLK2/ COE!,COE2,CQE3
COMMON /BLK3/ DMAX,DMIN,Cxi,Cx2,Cx3,CM1,CM2,CM3,CNL,CN2,CN3

CHARACTER=+14 FILOT,FILIN
REAL XO,Y0,X1,Y1,X2,Y2

FCRMAT(I10)
FORMAT(F10.0)

WRITE(#, 1)

FORMAT(’/ INPUT NAME OF INPUT FILE’ /)
READ(#*,3)FILIN

WRITE(*,2)

FORMAT(’/ INPUT NAME OF QUTPUT FILE’/)
READ(#,3)FILOT

FORMAT(A14)

A
[ S

OPEN(S,FILE=FILIN,STATUS="0LD’)
OPEN(6&,FILE=FILQAT,STATUS="NEW’)

",

\i

ERERRBRRRRRERARR
# READ IN DATA =

(XX 22222222222 22 2

D .
AP
L

"; {-

NST = NUMBER OF TIME INTERVALS
IDHR = LENGTH OF EACH TIME INTERVAL (HRS)
IBUG = DEBUG FLAG (0 = NORMAL QUTPUT, 1 = EXTENDED QUTPUT)

L

."'.“.}.
OO0 0n

READ(S,4)NST, IDHR, IBUG
FORMAT (2X,18,2110)

[}
CAR AN

.. v
J, '. ¢ i "- ‘..

ATANK = TANK AREA (FT2)

EINT INITIAL ELEV (FT)

EMAX MAXIMUM ELEVATION OF TANK

EMIN MINIMUM ELEVATION OF TANK

NES = NUMBER OF INTERMEDIATE ELEVATIONS

SN )
[

READ(S,S)ATANK,EINT,EMAX,EMIN,NES

Figure Fl. Program listing for TOP (Sheet | of 8)
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S FOR™AT: 2Y ,Fa ¢ =5

R I

.
-
- - .
I.‘
'--

CoOEL=1.
: coez=0.
N CoE3=n.

O O

(]

> KP1=0
GR1=0.0
- PT1=0.0

READ I DISCHARZE WS NIT

CROG+,0, -0 ZELTA r ZURVES

[ShataB ¢

CMIn

1}
N4
D

<
IR
mm
~

TA H
TaoH

-
,I
B
OO0 00 0n
1]
4
=
Z
)

B FCREMAT(ZX,FB.0,£510.0)

(@]

- READ(S,5)CMAX, X0, YO X1, ¥1,X2,¥2

- DMAX=CMAX « [CHR

X0=X0/10000.0

- X1=X1/10000.0

: X2=X2/10000.0

CALL SCURVE(12UG)

oo Cx1=CCE}

X Cxa=Coee

o CX3=COE3

{ READ(5,8) DDUM, X0 Y0, X1, Y1, K2, v
- X0=X0/1C000.0

o X1=X1/10000.0

L X2=X2/10000.0

C CALL SCURVE(IBUG)

.. CM1=COE!

CMa=CCER

CM3=COE3

READ(S,B8)DMIN,X0,Y0,X1,Y1,X2,v2

DMIN=DMIN#*IDHR

X0=X0/10000.0

X1=X1/10000.0

X2=X2/10000.0

CALL SCURVE (IBUG)

CN1=CCE1l

CN2=COER

CN3=CCE3

@]

READ IN PUMP [CONSTRAINTS

(o]

READ(S,?)0MAX,OMIN
9 FORMAT(2X,FB8.0,F10.0)

RED IN DEMAND AND RATE SCHEDULES

(@]

t DO 12 I=1,N5T

N Figure Fl. (Sheet 2 of 8)
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]

€3

- READ(S,11)TYME(I),QD(1),RKWD( )

Y 11 FORMAT(2X,FB8.0,2F10.0)
e 12 CONTINUE

i C

. * C LA SRR ES SRS SR R REY R ERY S

i c + GENERATE STATE SPACE «

- C L R YR R

s c

- DES= (EMAX-EMIN) / (NES-1)

V) c

. DO 40 K=1,NES :
e C '
S INC=EMIN®((K-1)%DEE) :
N C '
oy DO 30 I=1,NST y

C
E(l,K)=EIN

NS C 5
[~ 30 CCNTINLE

- c ;
.- 40 CONTINLE

4
O

TANKC=ATANK/ ( [DHR*36C0)

HRERREFRBRER BB BRERRBRTERER

* VARJAEBLE DESCRIPTICN « .

RRAERRRRERARERRAERRRAERER

IPCI,K)
Qr(I,K>
C3(1,K)
CC(I,K)
QP(I,K)

OPTIMAL STATE UPSTREAM FROM STATE K
TANK FLQOW ]
COST FDR TRANSITICON ENDING IN STATE K g
CUMMULATIVE CQOST FOK STATE K

PUMP DISCHARGE FOR STAGE [ STATE K

f

1l

i

fi

AR RREREEHRRERERRERRRRERR

* EVALUATE INITIAL STAGE «

[ ZXS XIS SIS SRS 2SS SR X

“y v

.l 5

OO0 00O0000 00000

- IFLAG=0

(@]

' DO 40 K=1,NES
- C3(1,K)=999%9.0
CC(1,K)=9999.0

DE=E(1,K)-EINT ]
IF (ABS(DE) .GT.DMAX.OR.ABS(DE) .GT.DMIN)GD TQO 45

QTT=DE«TANKC#44B8,8
QR=QD(1)+QTT
ISi=1

it
v

(@]

HAVG=(E(1,K)+EINT) /2.0 E
ERATE=RKWD(]) R

KR

’
Y

-
P4

;;E Figure Fl, (Sheet 3 of 8)
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P
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i

RIS

Y

)
otu

«

s,

Dy

. % A

A

»

v

i

*

VNSNS S

LS

P

X

Lo -

sNaNsEeNe!

(@

o0

]

—

4S
632

510]

&3

&0

&2

71

QDEM=QD( 1)

IF(IBUG.GE.1JWRITE(6,S1)1S],1S!,K,HAVG,GD(11,QTY,CR
FORMAT(/® STAGE = 'IIS" EE: = ',218,° H,2C0,0T7,.,CR '.~F12,E/)

IF(QR.GT.QMIN.AND.CR.LT.CMAXIGO TO <O

IFCIBUG.GE. 1IWRITE(6,52)

FORMAT(' DECISICN INFEASIBLE DQUE TO CR CuTSITE ETunDS™
GO 70 &0

IFCIBUG.GE .2 WRITE(&,852)
FCRMAT(* DECISICN INFEASIELE DUE YO CE CUTSICE EZUNDIS™H
GO TO &0

[FUIBUG.CE.LIWRITE (5,53 1
FCRMAT (' STAGE = ',!1S,' T

[FICCST . LE.9999) [FLAG=

C3(1,K)=0CST
CC(1,K)=0CST
[PCY,K)=1
CCNTINUE

[FCIFLAGLE.OYWRITE (S, 5
FCRMAT(* INITAL STAZZ !
IFLIFLAG.LE.O)GD TO 120

2
<
n
{

}
FEASIELE

RESPBPIRPAPIIBRINNPEBPIBIEIRNGS

# EVALUATE REMAINING STAGES »

L Z R IR P NN SRR RN ERE NS RN RN NNN XN

DO 90 I-2,NST

J=T-1

DO &0 K=1,NES

SCST=9999.0

IP(],®)=1

C3(1,K)=9999.0

CCt1,K)=999%9.,0

DO 70 (=1,MES

IF UPSTREAM STATE [NFEASIELE GO TO MNEXT GTATE
[FOIBELS.GE .1 .AND. T T, LY .GELS999 , O)WRITE(4, 710 ] ,L.K,L
FCamaTt STAGE 1%, CEC ',2!3," [EZ ', 19, INFEAGIBLE ")
[F(CC(I,L).GE.Q999.0)G0 10 70

CETORMINE CHANGE [N Torw L IVEL

Figure Fl. (Sheet 4 of B)
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PE=E(!,K)~E(],L)
IF(ABS(DE).GT.CMAX ,CR.ABS.Cg).GT.C™1%NIGT 1O 79
o
C DETERMINE REQUIRED FLCOWRATE
C
QTT=DE«TANKC*4u«B8.8
QR=CD(1)+QTT
C
HAVG= (BT, K)+E(D, L1172,
ERATE=RRKWI( 1)
C
Glev=00()
C
IFCIBUS.CELIIWRITE (e, TV L L Ky HAVS ZTEY, DT T 55
73 FCRMAT(/ " STAGE = *,IS," TET = ",Z1%, S, 20 ,L.7. 05 ", ef z
Cc
Cc [F QRO TANK FLOW EXCEZCS CvgTEw TowarnD
Cc ANC CECISICN IS INFEASIELE - G2 T2 8™ 747D
c
WFASRUGTLOMIN.ANDLCRL LT O™ 22 70 =5
Cc
IFUIBUG.GEL1IWRITE(6,72)
72 FCORM™AT(> DECISICM IMNFEASIELE TLE "7 o~ 7L ilf =l_%l:z
GO 10 70
C
75 IFCIBUG.GE.2 ) WRITE(46,772) A
772 FOQRMAT(' DECISICN INFEARSIELE CUE T2 € Zo7SiC78 =000 :2
GO 10 70
C
65 CALL CQST(1BUG,DE,10HR,QR,CREM,ERATE,CCSTH
Cc
Cc DETERMINE CUMMULATIVE COST - CCCsT
C
CCOST=0CST+CC(I., L)
C
IF(IBUG.GE.1)WRITE(&,74)1,L,K,0CST,CCC5T
74 FORMAT(’ STAGE = ’,15,’ DEC = ',21I5,’ C,CC ",2F10.2) .
c 4
Cc IF NEW TRANSITION IS BETTER THAN QLD ONE UPTATE VARIABLES :
C v
IF(SCST.LT.CCOSTIGO TO 70
c ;
C UPDATE BEST CUMMULATIVE COST »
o 9
IPCT,KY=L
C QT(1,K)=QTT
SCST=CCOST
C3(1,K)=0CST .
CC(1,K)=SCST -
C -
70 CONTINUE
80 COMNTINUE i
90 CONTINUE
Figure Fl. (Sheet 5 of 8) ’
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DO 110 K=1,NES
WRITE(6,1EINT,E(NST,K) ,CC(NST,K)

13 FORMAT(/"INITIAL E = ',F10.2,” FINAL £ = *,Fl10.2," TOTAL COST
1= ",F10.2/7)

[F(CCINST.K).LT.99991G3 T3 95
WRITE(S, 101K

FCR™MAT (/7 STATE’, IS5, 1S INFEASIBLE’ /)
G3 70 110

WRITE(6,15)
L=K
L 222 Z R R EREESE RS E R RN RN RR R AR R R J

o [CETERMINE QRTIMAL PATH e

(A SZEEEEZ 2R Z AR ERRRER R R &2

O0O0no0Oan

CC 100 J=1,NST

@]

[=NST+1-1]

LL=IP(I,L)
IF(LL.LE.OIWRITE (LS, 1EY ], L
[F(LL.LE.OYGO TO 1C0
QTTT=(E{I,L)-EINT)«TANK e4s9 5
IFOLNE DIOQTTT=(E L, L) -B(1-1,Ll )« TANKC#wug. B
QFEP=0D(1)«QTTT

BRI RRBEFEBRERRERY

# CUTPUT RESULTS =

ABRERRPARLBIRBRARER

1S FORMAT(/* I J K TIME RATE EiK) Qb QT
« QP(D) CosT /)
WRITE(S,16)1,LL,L, TYME(T),RKWD(1),E(T,L),QDC1),QTTT,QPPP,C3(,L)
16 FORMAT(312,F8.2,F8.2,F8.2,3F12.2,F10.2)
17 FORMAT(312,3F8.2)
18 FORMAT(® ALL STATES INFEASIBLE FOR STAGE = ’,15,’ STATE = ’,15/)

N N

A

v

itette
v 'y N
»T T

P

L=LL

I o
RO

CCMNTINLE
CONTINLE
CCNTINLE

RRER

h]

CLOSE (D)
CLCSE (&)
END

2%

£

IFEEXEEREEEE SRS RS R NS

# SUBRCUTINE SCURVE =

I ZX P XN AR RERE R AR NN XN ]

Vl I.l'
YN
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Vo C THIS SUBROUTINE FITS A QUADRATIC CURVE THROUGH
L C THREE SUPPLIED POINTS USING LAGRANGIAN POLYNOMIALS
-
C
g SUBROUTINE SCURVE ( 1BUG)
..-_:. c
s COMMON /BLK1/ X0,Y0,X1,Y1.x2,Y2
- COMMON /BLK2/ COE1,COE2,CCE3
Y C
o) REAL XO0,Y0,X1,Y1,X2,v2
a DOUBLE PRECISION RO,R!,R2
I c
s XX0=(X0-X1)#(X0-X2)
S RO=YO/XXO
o XX1=(X1-XO)#(X1-X2)
R1=Y1/XX1
XX2=(X2-X0) #(X2-X1)
o R2=Y2/XX2
.. 5
b - COS1=RO#X 1 #X2+R1#XO*X2+R2*XO#X |
- COE2=(-RO#(X1+X2))=(R1#(X0+X2))-(R2#(X0+X1))
o COE3=RO+R1+R2
® C
o IF(1BUG.GE.2)WRITE(6,10)C0E1,COE2,COE3
oS 10 FORMAT(/’ CO,C1,C2 *,3F10.6/)
.'h\: C
N RETURN
o END
: c
k Cc RERERBEREFRRERRRERR
w7 o # SUBROUTINE COST =+
__’.'-j C L2222 E S S 2
e c
- o THIS SUBROUTINE DETERMINES THE COST TO
v C MOVE  FROM ONE STATE (ELEV) TO ANOTHER
J c STATE (ELEV) BY INTERPOLATING BETWEEN
. C THE THREE COST OPERATION CURVES
- c
s SUBROUTINE COST(1BUG,DE, IDHR,QGREQ,QDEM,ERATE,0CST)
D C
.o COMMON /BLK1/ XO,YO0,X1,Y1,X2,Y2
COMMON /BLK2/ COE1,COER2,COE3
A COMMON /BLK3/ DMAX,DMIN,CX!1,CX2,CX3,CM1,CM2,CM3,CN1,CN2,CN3
T Cc
o 0CST=999999.0
o c
ot RREQ=QGREG/10000.0
& RREQ2=RREQ*RREQ
R.".‘ C
ol CPX=CX1+(CXx2+RREQA) +(CX3+RREQZ)
o CPM=CM] +(CM2*RREQ) + (CM3#RREQ2)
o CPN=CN1+(CN2*RREQ) + (CN3#RREQ2)
- IF(DE.LE.0.0)50 TQ 10
o Figure F1. (Sheet 7 of 8)
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< OCST=CPM+( (CPX-CPM) #DE/DMAX)
2> GO TO 20
c
- 10 OCST=CPM+((CPM-CPN)#DE/DMIN)
o c {
0~ 20 DCST=0CST*IDHR*ERATE ,
IF(IBUG.GE.1)WRITE(4,30)DMAX,DMIN, IDHR,ERATE
-, 30 FORMAT(’ X,N,T,R ’,4F10.2)
\ IF(1BUG.GE. 1 )WRITE(&,40)DE,CPX,CPM,CPN,QCST
e 40 FORMAT(' DE,CPX,M,N,0CST ’,SF10.2)
.- c
0 RETURN
-, END
0 '“h
o
o
~. --
{
)r'.‘:-..“
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. K1 24 1 0

- K2114861.0  327.80 334.0 326.0 101
N c1 1.0 20000. 9.56 30000. 14.350 40000 19.7500
X ca 10000. 4,65 35000. 16.020 60000.  27.8200
iy c3 1.0 10000. 4.49 35000. 15.200 60000. 27.1900
o A1 10000. 60000.

- T1 1.0 38271.0 2.95

I T1 2.0 38827.0 2.95

;i; T1 3.0 17700.0 2.95

N T1 4.0 1311.0 2.95

. T1 5.0 15625.0 2.95

e T1 6.0  18580.0 2.95

- T1 7.0 21358.0 2.95

- T1 8.0 27500.0 2.95
P T1 9.0 30710.0 2.95

. T1 10.0  32141.0 2.95

e T1 11.0  33850.0 2.95

Y T1 12.0  3s%922.0 2.95

ol T1 13.0  33850.0 2.95

s T1 14.0  32766.0 2.95

o T1 15.0 31953.0 2.95
b T1 16.0 30286.0 2.95

T1 17.0  35347.0 2.95

5 T1 18.0 38457.0 2.95

a T1 19.0 27276.0 2.95

o T1 20.0  29498.0 2.95

" T1 21.0 29151.0 2.95

P T1 22.0  35386.0 2.95
{ T1 23.0 18349.0 2.95

S T1 24.0  16096.0 2.95

=

-

L

A

@
N
I :,:'

&S

A

o Figure F2., Example input for TOP
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TIME
24.00
23.C0
cz2.00
21.00
20.00
19,00
13.00
17.00
15,00
1S.00
16,00
13.C0
12.20
11,30
15,00
2.0
5.00
7.00
e, o0
S.50
«. 20
3.70
c.u0

R 0 N R

LD

Rl A

TOTAL COST (DOLLARS) = 908.59

INTIAL ELEVATION (FT) = 327.80

FINAL ELEVATION (FT) = 328.08

I = STAGE INDEX

J = PREVIQUS STATE INDEX

K = CURRENT STATE INDEX

TIME = (HRS)

RATE = (CENTS/HR)

E(K) = ELEVATION ASSOCIATED WITH STATE K (FT)
@D(IY» = SYSTEM DEMAND ASSOCIATED WITH STAGE I (GPM)
QT(I) = TANK FLOW (+ INFLOW, - QUTFLOW) (GPM)
QP(1) = PUMP FLQOW (GPM)

CcasT = (DOLLARS)

RATE E(K) @QD( D QT QP(I)
2.95 328.08 16096.00 45B81.86 20677.86
2.9S 327.76 18349.00 3436.9¢ 2178S.94
.95 327.s2 35386.00 -6873.44 28512.56
2.95 328.0¢C 2?151.00 -3436.50 25714.50
2.95 328.24 29498.00 14891.80 44389.80
2.95 3227.20 27276.00 17183.38 44459.38
2.95 26.00 38457.00 -8018.79 30438.21
2.95 326.56 35347.00 -6873.46 28473.56
2.95 327.04 30286.00 -2291.15 27994.85
2.95 327.20 31953.00 -3436.50 28516.50
2.95 327.44 32766.00 -4582.29 28183.71
2.95 327.76 33850.00 -3727.465 28122.35
2.95 328.16 36922.00 -6873.44 30048.56
2.95 328.64 33850.00 -3727.65 28122.35
2.95 329.04 32141.00 -4381.86 27559. 14
2.95 329.36 30710.00 -3436.94 27273.06
2.95 329.60 27500.00 17183.38 4446B83.38
2.95 328.40 21358.00 22?1.15 23649.195
2.95 3e8.24 18580.00 3436.50 22016.50
2.9S 328.00 15625.00 4582.29 20207.29
2.95 327.68 1311.00 11455.30 12766.30
2.95 326.88 17700.00 4582.29 c2easa.e29
2.9S 326.56 38827.00 -91464.59 29662.41
2.5 327.20 38271.00 -8591.25 29679.75

F{gure F3, Example output from TOP
F15
e LN A A S T AL e

cosT

28.22
29.64
37.74
34.33
61.20
61.44
40.20
37.69
37.51
38.09
37.53
37.34
39.80
37.3¢4
36.70
36.42
51.73
32.07
29.96
27.58
17.47
30.41
39.05
39.13
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APPENDIX G: TIME-METERED GENERAlLL SERVICE SCHEDULE "GT"

l. This appendix presents the Potomac Electric Power Company electric

rate schedule* applicable to the Dalecarlia and Bryant Street pumping

stations.

Availability - Shall be applicable in the District of Columbia portion of the

Companv's service area to customers whose maximum 30-minute demand equals

or exceeds 1000 kw during two or more billing months per vear. Any

customer presentlv on Schedule DC-GT whose maximum 30-minute demand is

less than 900 kw for twelve consecutive billing months in a calendar

vear mav at the customer's option elect to continue service on this

schedule or elect to be served under anv other applicable schedule.

‘b- Available for low voltage electric service.

Available for auxiliarv or emergency service when modified by Rider No.

"CT-2," for primary service when modified by Rider No. "GT-3A" or Rider

No. "GT-3%," and for heating service when modified by Rider No. "GT-4."

Not available for temporary service, supplementarv loads metered

separately from lighting and other usage in the same occupancy, or

rallwayv propulsion service.

A5 Character of Service -

4 Secondary Service - The service supplied under this schedule will be

alternating current, sixty hertz, normally three phase, four wire,

120/208 volts or 2A5/460 volts.

Primary and High Voltage Service - The service under this schedule, when
modified by Primary Service Rider "GT-3A," normally will be

alternating current, sixty hertz, three phase, three wire, at

‘.‘l

L * Date of lssue: April 2, 1985; Date FEffective: April 2, 1985,

g Issued by William F. Schmidt, Vice President, 1900 Pennsvlvania Avenue, NW,
Washington, DC 20068,
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13.2 KV or 33 KV, and when modified by High Voltage Rider "GT-38,"

LN M M R

will be 69 kv or above. Primary service voltage levels will be
specified by the Company on the basis of its available facilities

and the magnitude of the load to be served.

Schedule of Monthly Charges -

f Summer Winter
A, Customer Charge $285.00 per month $285.00 per month
) B. Energy Charge
«E: On-Peak Period $0.06235 per kwhr $0.05226 per kwhr
Intermediate Period $0.04618 per kwhr $0.04617 per kwhr
. Off-Peak Period $0.02947 per kwhr $0.02947 per kwhr
[ C. Production and
. Transmission Charge
>‘ On-Peak Billing Demand $9.80 per kw
D. Distribution Charge $6.00 per kw $6.00 per kw

. E. Minimum Charge - the Customer
- Charge and the Distribution Charge

Season Designation - Summer months, for purposes of application of this rate

schedule, are the billing months of June through September; winter months are

Ej the billing months of January through May, plus October through December.

-,

x Rating Periods -

.E Weekdavs (FExcluding Holidays)
[ On-Peak Period 12:00 noon to 8:00 p.m.

. Intermediate Period 8:00 a.m. to 12:00 noon

! 8:00 p.m, to 12:00 midnight
, Off-Peak Period 12:00 midnight to  8:00 a.m.

[ Saturdays, Sundays, and Holidays

? Off-Peak Period All Hours

Holidavs

i New Year's Day, Rev. Martin Luther King's Birthday, Washington's
. Birthday, Memorial Day, Independence Day, lLabor Day, Columbus Day,
:: Veterans' Day, Thanksgiving Day, Christmas Day.
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. Billirg Demands -
- Production and Transmission (Summer Months Only) - The billing demand

shall be the maximum 30-minute demand recorded during the on-peak

5:; period of the billing month.

j%: Distribution (All Months) ~ The billing demand shall be the maximum
:?. 3O0-minute demand recorded during the billing month, but shall not
‘;‘ be lecs than the highest such demand established during the

- previous eleven months, except as modified by Rider No. "GT-4."

fuel Ad‘fustment Charge - The rates stated above include a base fuel cost
. component of $0,0231985 per kilowatt-hour for secondary service and

$0,0224199 per kilowatt-hour for primary and high-voltage service

ﬁf? including adjustment for losses. Incremental charges for fuel and
gi interchange, computed 1in accordance with the provisions of '"Fuel
,ga Adjustment Charge Rider FA,'" combined with monthly charges under the
i{} provisions of this schedule, constitute the total charge for the
:?€ services which the Company furnishes,
“eter Reading - Watt-hour meters will be read to the nearest multiple of the

- meter constant and bills rendered accordingly.
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