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623.0801 General

(&) Introduction to agricultural pumping
plants

The first pumping plants were built 4,000 years ago in
Mesopotamia and were used forirrigation. They con-
sisted of an upright frame on which wassuspended
along pole or branch at a distance of about one-fifth
ofitslength. At the long end of this pole hung a skin
bag (to form a bucket), while the short end carried
acounterweight(clay, stone, orsimilar). When cor-
rectly balanced, the counterweight would support a
half-filled bucket, so some effort was used to push an
emptybucket down to the water, but only the same
effort wasneeded tolift a full bucket. Around 200 BC,
Ctesibus invented the reciprocating pump and Archi-
medes invented the screw pump. Much later, pumps
were poweredbywindandeventually steamand
combustion engines.

Today, many agricultural operations rely on pumping
systemsfortheirdaily operation. Pumpsareusedto
handle water for irrigation, livestock, and drainage. In
addition, confinedlivestock operationsuse pumpsfor
wash water, wastewater transfer, and land application
ofliquid manure. Pumpsizesforfarmandranchap-
plications range from those requiring fractional horse-
power to several hundred horsepower. This chapter
focuses on pumping plants for agricultural water and
wastewater, and does not include the pumps that are
part of the hydraulic systems on mobile agricultural
machinery.

Inaddition toanextensiverangeof sizes, pumps also
come in several different types. They are classified
bythewaytheyaddenergytoafluid: Rotodynamic
pumps increase fluid velocity and convert this kinetic
(centrifugal) energy to pressure; positive displacement
pumps move a fluid by squeezing it directly. Within
these classifications are many different subcategories.

Rotodynamic pumps include axial (propeller), mixed-
flow, and radial types (centrifugal and turbine); posi-
tive displacement pumps include piston, screw, slid-
ingvane, androtarylobetypes.Many factors gointo
determiningwhich typeofpumpissuitableforan
application.

Often, several different types meet the same service
requirements. Pump reliability is important—often
critically so. When irrigating, pump downtime can
causeasubstantiallossincrop production.Indrain-
age systems, pump failure can result in flooding and
catastrophic damage.

Pumpsareessentialtothedailyoperationof many
farming operations. This tends to promote the prac-
ticeof'sizing pumpsconservatively toensurethatthe
needs ofthe operation will be met under all condi-
tions. Engineers, intent on ensuring that the pumps
are large enough to meet system needs, often overlook
the cost of oversizing pumps and err on the side of
safety by adding more pump capacity. Unfortunately,
this practice results in higher-than-necessary system
operating and maintenance costs. In addition, over-
sized pumps typically require more frequent mainte-
nancethanproperlysized pumps. Excessflow energy
increasesthewearandtearonsystemcomponents,
resulting in valve damage, piping stress, and excess
system operation noise.

(b) Pumping system components

Typical pumping systems contain five basic compo-
nents: pumps, pump drive, piping, valves, and end-use
equipment (e.g., irrigation systems, water tanks, ma-
nure storage structures, and drainage outlets).

(1) Pumps

Although pumps are available in a wide range of types,
sizes, and materials, they can be broadly classified into
the two categories described earlier: rotodynamic and
positive displacement. These categories relate to the
mannerinwhich the pumpsaddenergy tothe work-
ing fluid. Rotodynamic pumps work by adding kinetic
energy to a fluid using a spinning impeller. As the fluid
slowsin the diffuser section of the pump, the kinetic
energyofthefluidisconvertedintopressure. Positive
displacement pumps pressurize fluid with a collaps-
ing volume action, essentially squeezing an amount of
fluidequal tothe displacementvolumeofthe system
with each piston strokeorshaftrotation.

Although many applications can be served by either
rotodynamic pumps or positive displacement pumps, a
form of rotodynamic pumps called centrifugal pumps
are more common because they are simple and safe

to operate, require minimal maintenance, and have
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characteristically long operating lives. Centrifugal
pumps typically suffer less wear and require fewer
part replacements than positive displacement pumps.
Although the packing or mechanical seals must be
replaced periodically, these tasks usually require only
a minor amount of downtime. Centrifugal pumps can
alsooperate under a broad range of conditions. The
risk of catastrophicdamage duetoimpropervalve
positioning is low if precautions are taken. Centrifugal
pumps have a variable flow/pressure relationship. A
centrifugal pump acting against a high system pressure
generates less flow than it does when acting against a
low system pressure.

A centrifugal pump’s flow/pressure relationship is
described by a performance curve that plots the flow
rate as a function of head (pressure). Understanding
this relationship is essential to properly sizing a pump
and designing a system that performs efficiently. More
information onthistypeof pumpisdescribedin this
chapter.

Propeller pumps are also aform of rotodynamic pump.
There aretwotypesof propeller pumps, the axial-flow
or screw type, and the mixed flow. The major differ-
encebetween the axial-flow and the mixed-flow pro-
peller pumpisinthe type ofimpeller (fig. 8—-1).

Theprincipal partsofapropeller pumparehead,
impeller, and discharge column. A shaft extends from
the head down the center of the column to drive the
impeller. The propellerpumphastheadvantageoflow
firstcostand thecapacity to deliver more water than
thecentrifugal pump for a given size impeller. Also, for

Axial flow impeller

Mixed-flow impeller

a given change in pumping lift, the propeller pump will
provide a more nearly constant flow than a centrifugal
pump. Thedisadvantageisofthepropeller pumpis
that it is limited to pumping against low heads.

In contrast, most positive displacement pumps have
a fixed displacement volume. Consequently, the flow
rates generated are also directly proportional to the
speed. The pressures generated are determined by the
system’s resistance to this flow. Positive displacement
pumps have operating advantages that make them
more practical for certain applications. Positive dis-
placement pumps are typically more appropriate for
situations in which:

+ working fluid is highly viscous

* system requires high-pressure, low-flow pump
performance

* pump must be self-priming

+ working fluid must not experience high shear
forces

flow must be metered or precisely controlled

* pump efficiency is highly valued

A disadvantage is that positive displacement pumps
typically require more system safeguards, such as
relief valves. A positive displacement pump can poten-
tially overpressurize system piping and components.
Forexample,ifall the valves downstream of a pump
are closed—a condition known as deadheading—sys-
tempressure willbuilduntilareliefvalvelifts, a pipe
or fitting ruptures, or the pump motor stalls. Although
relief valves are installed to protect against such dam-
age,relyingonthese devicesaddsan elementofrisk.
In addition, relief valves often relieve pressure by vent-
ing system fluid, which maybe a problem for systems
with harmful or dangerous system fluids.

Figure 8-2 provides rough guidance for selecting a
pump type based on head and flow requirements.

Abooster pumpisacentrifugal pump placed into
analready pressurized system toincrease (or boost)
downstream system pressure. A saving in operating
costscansometimesbe madeinsprinklerirrigationby
using abooster pump toprovide adequate pressure for
small areas that lie at elevations considerably above
the principal area to be irrigated. Rather than over-
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pressurizing a large area to accommodate the pressure
needsofthe smaller areas, the use of abooster pump
for these small areas will permit the larger irrigated
areatooperate atalower system pressure whenir-
rigating both areas simultaneously. Often the end gun
on a center pivot will need to operate at a higher pres-
surethantherestofthe center pivot system. Abooster
pumpinstalledneartheendofapivotlateralisolates
thehighpressurezonetotheend gunsprinkler.

(2) Pump drives

Most pumps are driven by either electric motors or
diesel, gasoline, or natural gas internal combustion
engines (ICEs). Although some pumps are driven by
direct current (DC) motors, the low cost and high reli-
ability of alternating current (AC) motors make them
the most common type of pump drive. Inrecent years,
the efficiencies of many types of AC motors have
improved. A section of the Energy Policy Act (EPAct)
of 1992 that set minimum efficiency standards for most
common types of pump motors went into effect in
October 1997. The EPAct of 2005 provided additional
legislation requiring improved motor efficiencies.

Figure 82  Pump coverage chart
—
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EPAct has provided end users with greater selection
and availability of energy-efficient motors. In high run-
time applications, improved motor efficiencies can sig-
nificantly reduce operating costs. However, it is often
more effective totake a systems approachthatuses
proper component sizing and effective maintenance
practices to avoid unnecessary energy consumption.

(3) Piping

Pipingisusedtocontainand carrythe fluid fromthe
pump tothe pointofuse. Thecritical hydraulic as-
pects of piping are its dimensions, material type, and
cost. Since all three aspects are interrelated, pipe siz-
ingisaniterative process. Inapipe,theresistanceto
flow (pipe friction) at a specified flow rate decreases
as the pipe diameter gets larger; however, larger pipes
cost more to purchase and install than smaller pipes.
Foragivenflowrate,smallerpipesoperate athigher
liquid velocity and friction head. Increased friction
head increases the energy required for pumping.

(4) Valves

There are many different typesofvalvesused for
controlling flow in a pumping system. Some valves
have distinct well-defined positions, either shut or
open, while others canbe used to throttle flow through
a continuous metering action. Selecting the correct
valve for an application depends on anumber of fac-
tors, such as ease of maintenance, reliability, leakage
tendencies, cost,and the frequency ofoperation.

Valvescanbeusedtoisolateequipmentorregulate
floworpressure.Isolationvalvesaredesignedtoseal
off a partof a system for operating purposes or main-
tenance. Flow-regulating valves either restrict flow
through asystembranch (throttle valve) or allow flow
aroundit (bypassvalve). Athrottle valve controlsflow
byincreasingordecreasingtheflowresistanceacross
it. Incontrast, abypass valve allows flow to go around
asystemcomponentbyincreasingordecreasingthe
flow resistance in a bypass line. Pressure-regulating
valvescanbeusedtoestablishamaximum pressure
for safety (as with areliefvalve) or to maintain a
constant system operating pressure where the supply
pressure is subject to fluctuation.

A check valve allows fluid to move in only one direc-
tion, thus protecting equipment from being pressurized
fromthe wrong direction and helping tokeep fluids
flowing in the designed direction. Check valves are
used atthe discharge of many pumpsto prevent flow
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reversal and draining of the system when the pump is
stopped. Maintaining the pipe in a full condition re-
duces hazards associated with subsequent refilling the
pipelineduringthe pumping season. Afootvalveisa
typeofcheck valve used on centrifugal pump suction
lines to maintain the “prime” after the pump is turned
off. Foot valves can satisfy the requirement to prevent
reversal of flow.

(5) End-use equipment (irrigation systems,
manure storage structures, drainage outlets)
The essential purpose of an agricultural pumping
system is to provide water to crops, to move or land
apply waste water,removedrainage water,orto
provide waterforlivestock. Therefore, thenature of
the end-use equipment is a key design consideration
in determining how the piping and valves should be
configured. There are many different types of end-use
equipment; the fluid pressurization needs and pressure
drops across this equipment vary widely. For drain-
age, flow is the critical performance characteristic;
for irrigation systems, pressure is the key system
need. Pumps and pumping system components must
be sized and configured according to the needs of the
end-use processes.

(c) Liquids and liquid flow characteris-
tics

Inadditiontobeing determined by the type of system
being serviced, pump requirements are influenced
greatly by fluid characteristics such as viscosity, densi-
ty, particulate content, vapor pressure, and corrosive-
ness. Viscosity is a property that measures the shear
resistance ofafluid. One measure of viscosityis the
Reynolds number. The Reynolds number is a dimen-
sionlessnumberthat gives a measure oftheratioof
inertial forces to viscous forces and, consequently, it
quantifies the relative importance of these two types
of forces for given flow conditions. Reynolds numbers
arealsousedtocharacterize differentflowregimes,
such as laminar or turbulent flow. Laminar flow occurs
atlow Reynolds numbers, where viscous forces are
dominant, and is characterized by smooth, constant
fluid motion. Turbulent flow occurs at high Reynolds
numbers and is dominated by inertial forces which
tend toproducerandom eddies, vortices, and other
flow fluctuations.

A highly viscous liquid consumes more energy during
flow because its shear resistance creates heat. Some
fluids, such as cow manure, are sufficiently viscous
that centrifugal pumps cannot move them effectively.
Therangeoffluid viscositiesovertheoperating tem-
peraturesof asystemisakeysystem designfactor. A
pump-motor combination that is appropriately sized
for manure at a temperature of 80 degrees Fahrenheit
may be undersized for operation at 32 degrees Fahren-
heit.

Specific gravity is the ratio of the density of a fluid to
the density of water at standard conditions. Fluids that
have a higher specific gravity require more energy in-
putfor pumping compared to fluids with lower specific
gravity.

The quantities and properties of particulates in a sys-
tem fluid also affect pump design and selection. Some
pumpscannottolerate much debris. Performance of
some multistage centrifugal pumps degrades signifi-
cantlyifsealsbetween stagesbecomeeroded. Other
pumps are designed for use with high-particulate-
contentfluids. Because ofthe way theyoperate, cen-
trifugal pumpsareoftenused tomovefluids with high
particulate content, such as drainage water. Positive
displacement pumps are typically used to move ma-
nure with bedding to waste storage structures. Prob-
lemswilldevelopifthe beddingissand andis allowed
to settle out in the transfer pipe causing eventual
blockage.Sawdustand strawbeddingcanalsocause
blockagesifanimproper pumpisselected. Inaddition,
pumps typically contain seals and other components
thatcanbe damagedby the corrosivenessofthe mate-
rialtobe pumped. If manure or wastewateristobe
pumped, make sure that the selected pump is chemi-
cally compatible with those liquids. Part 651 of the
National Engineering Handbook, Agricultural Waste
Field Handbook (AWFH), chapter 12 contains more
information about pumps used to move animal waste.

The difference between the vapor pressure of a fluid
and the system pressure is another fundamental factor
inpump designandselection. Acceleratingafluidto
high velocities, a characteristic of centrifugal pumps,
creates adrop in pressure. This drop can lower the
fluid pressure tothe fluid’svapor pressure or below.
Atthispoint, thefluid boilschangingfromaliquid to
avapor. Known ascavitation, thiseffectcanseverely
impact a pump’s performance. As the fluid changes
phase during cavitation, tiny bubbles of water vapor
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form. Since vapor takesup considerably more volume
than fluid, these bubbles decrease flow through the
pump. Asbubbles move from the center of the impel-
lertotheouteredge, pressureincreasescausingthe
vapor bubbles to collapse. This collapse, orimplosion,
causes the noise associated with cavitation and erodes
the impeller material, primarily from the tips of the
impeller.

(d) Pump curves

The performance of a pumpistypically described by

a graph plotting the pressure generated by the pump
(measured in terms of head) over a range of flow
rates. Figure 8—3 shows aperformancecurvefora
typical centrifugal pump. The amount of fluid that a
centrifugal pump moves depends on pump differential
pressure (measured between the suction and pressure
sidesofthe pump). The basic physicsofthisrelation-
ship have to do with power, which is proportional
tothe product of pressure and flow. Essentially, the
pump convertsthe mechanical power of the drive unit
to hydraulic power. As the pump differential pressure
increases, the flow rate decreases. Therate of thisde-
creaseisafunctionofthe pumpdesign. Understand-
ing this relationship is essential to designing, sourc-
ing, and operating a centrifugal pump system. Also
includedonatypical pump performancecurveareits
efficiency and brake horsepower (bhp), both of which
are plotted with respect to flow rate. The efficiency of

Figure 8-3  Pump performance chart
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apump istheratio of the pump’s fluid power to the
pump shafthorsepower, which, for direct-coupled
pump-motor combinations, is the motor bhp.

An important characteristic of the head/flow curve is
thebest efficiency point (BEP). At the BEP, the pump
operates most cost-effectively in terms of both energy
efficiency and maintenance (fig. 8-3). Operating a
pump atapoint well away fromits BEP may accel-
erate wear in bearings, mechanical seals, and other
parts. Inpractice, itis difficult tokeep a pump operat-
ing consistently at this point because systems usually
have changing demands. However, keeping a pump
operatingwithinareasonablerangeofits BEPlow-
ers overall system operating costs. When selecting a
pumptheperformancecurve shouldbereviewed with
agreatamountofdetail. Forexamplethe performance
curveinfigure 8-3showsthatasmallchangeinhead
would yield a great deal of change in flow, a desirable
situationin some cases. It also shows a steep bhp
curve. A small change in head requires a large change
inbhpusuallynotthe mostdesirabletraitinapump.

Manufacturersuseacoveragecharttodescribethe
performancecharacteristicsofafamily of pumps. This
typeofchart, showninfigure 8—4,isusefulin selecting
the appropriate pump size for a particular application.
The pump designation numbers refer to the pump
inlet size, the pump outlet size, and the impeller size,
respectively. There is significant overlap among these

Figure 8-4

Exampleofapumpselectionchart
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various pump sizes, which is attributable to the avail-
ability of different impeller sizes within a particular
pump size.

Onceapumphasbeenselected asroughly meetingthe
needsofthe system, the specific performance curve
for that pump must be evaluated. Often, a given pump
casing can accommodate impellers of several differ-
ent sizes, with each impeller having a separate, unique
performance curve. Figure 8-5 displays performance
curves for several impeller sizes. Also illustrated are
iso-efficiency lines, which indicate how efficient the
various impellers are at different flow conditions.
Sizing the impeller and the pump motor is an iterative
processthatusesthe curves showninfigure 8-5to
determine pump efficiency and performance over its
anticipated operating range.

(e) Pump speed selection

Pump speed is usually an important consideration
insystemdesign. The pump speedisperhapsbest
determined by evaluating the effectiveness of similar
pumpsinotherapplications.Intheabsenceofsuch
experience, pump speed canbe estimatedbyusinga
dimensionless pump performance parameter known
as specific speed. Specific speed can be used in two
different references: impeller specific speed and pump
suction specific speed. Theimpeller specific speed
(NS) isusedtoevaluate apump’sperformance using

Figure 85 Exampleofpumpandefficiencycurves
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different impeller sizes and pump speeds. Specific
speed is an index that, in mechanical terms, represents
theimpellerspeednecessarytogenerate 1 gallonper
minute at 1 footofhead. A single pumpischaracter-
ized by arange of specific speeds. Equation 8—1is for
impeller specific speed at a given point on the perfor-
mance curve.

(o

He

s =

(eq.8-1)
where:
N, = specificspeed
n = pump rotational speed, r/min
Q = flowrate, gal/min
H totalhead perstage, ft

For standard impellers, specific speeds range from 500
to 10,000. Pumps with specific speed values between
2,000 and 3,000 usually have the highest efficiency
figure 8-6 show other pump characteristics related to
specificspeed.

(f) Head loss

Headlossisthe drop in pressure due to friction and
turbulence as fluid flows through a hydraulic system.
Instead of expressing this pressurein terms offorce
perunitarea,headisexpressedintermsoftheheight
of acolumn of water, which creates an equivalent
pressure atthebottom of the column. Head lossis
thus the differential height of water that must be sup-
plied toovercome the friction lossin the hydraulic
system. Headlossinboth the suction pipe and the dis-
charge pipes can be computed using the Darcy-Weis-
bach or the Hazen-Williams equation. Details regarding
these equations can be found in Title 210, National
Engineering Handbook, Section 5, chapter 5.

In addition to pipe friction losses, there are local head
lossesthatoccur asaresult of turbulence created

by changes in velocity and direction of flow. Local
lossesarecaused by pipeentrancesand exits, valves,
bends (elbows), tees, contractions, expansions, and
obstructions. Inlongpipelines, thelocallosses maybe
arelatively insignificant part of the total losses and in
such cases can be ignored without introducing signifi-
canterror.Ifanestimateindicatesthatlocallosses
will exceed 5 percent of the total head loss, the local
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losses should be carefully evaluated and included in
theflowcalculations. Locallosses are proportional
to the square of the velocity of the flow. There will be
significant local losses when flow velocities exceed 5
feet per second.

Local losses are calculated using equation 8-2:

2
h=-K "
o log (eq.8-2)
where:
hy = locallossforaparticularfitting, feetofhead
K, = acoefficientdependingonthetypeoffitting,
unitless
V = flow velocity through the fitting, ft/s
g = acceleration of gravity, typically 32.2 ft/s?

Valuesfor the coefficients (K, for the variousfittings
are in appendix 8F.

(g) Total dynamic head

Total dynamic head is essentially the equivalent height
that a fluidis tobe pumped, and one of the most
importantfactorsinthe pump selection process. Itis
generally expressedinfeetofwaterandisthesumma-
tion of:

suction pipe frictionloss

suction lift

* suction entrance loss
dischargepipefrictionloss
velocity head
discharge lift

system pressure requirement

* minor fitting loss

Suctionlift exists for pumpsthatare placed above the
level of the water source. Itisdefined asthe vertical
distance in feet from the surface of the water source
(during pump operation) tothe centerline of the pump.

Thevelocity headisalsocalled the kinetichead, and
isthe square of the speed of flow of a fluid divided

by twice the acceleration of gravity. Itisequal tothe
static pressure head corresponding to a pressure equal
tothekineticenergy of the fluid per unitvolume. In
most applications, this value is small compared to the
otherfactorsandisignored. However,itcanhavea
significant impact in some situations such as high flow
velocity or gravity flow systems.

Dischargeliftisthevertical distanceinfeetfromthe
centerline of the pump to the highest pointinthe
system.

System pressure requirement is the pressure that is
needed immediately upstream from the discharge
point. For center pivot irrigation systems system
pressureisusually givenasthepressure (orhead)

Figure 86 Pump characteristics versus specific speed
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required at the top of the pivot to properly operate
thesystem. For water discharging from apipeto
atmospheric pressure (not submerged), the head at
thedischarge pointisthecenterline of the pipe outlet.
For water discharging from a submerged pipe, the
vertical distance fordischargeliftismeasuredtothe
water surface above the pipe. Submerged outlets may
be encountered where dischargeistoa stand-pipeor
water-storage structure.

(h) Work accomplished by pumping

The work accomplished by a pump (per unit time)
iscalled water horsepower andisdetermined by the
total dynamic head (TDH), the pump discharge at
that TDH, and the specific gravity of the liquid being
pumped. Theunitishorsepowerandisdefined by
equation 8-3:

why (QUUE(SG)

3,960 (eq.8-3)
where:
whp = water horsepower
Q = capacityorflow,gal/min
H = total dynamic head, ft
SG = specificgravity oftheliquid pumped (spe-
cific gravity for water=1.0)
3,960 = constanttoconvertunitstohorsepower

The powerrequired atthe pump shafttodrivethe
pumpiscalledbhp andisequal tothe water horse-
power (work per unit time achieved by the pump) di-
vided by the pump efficiency (decimal) at the desired
flow and pressure.

Theoverallhorsepowerrequirementoftheengineor
the motor will be higher than the bhp due to the effi-
ciency of the engine or motor and the drive efficiency.
Drive efficiency can have several components: belt
drive efficiency, if thereis a belt drive; gear drive ef-
ficiency (ifthereis one); and the drive line efficiency,
lossesoccurinuniversaljointsandlongershaftsdue
tothe torque requirement. The efficiency of a close
coupled driveisusually considered tobe 100 percent.
Divide the bhp by each of the above efficiency val-
ues(inpercent) todeterminetherequired drive unit
power.

(i) System curves

Asystemcurveisagraphicalrepresentationofthe
relationship between the flow rate and the hydraulic
lossesinapumping system. System curves areused to
determinethepoint wherethe pumpwilloperateon
its pump characteristic performance curve.

Pump manufacturers typically provide pump char-
acteristiccurvesfortheir pumps. A system curveis
similartoapumpcharacteristiccurveinthatitis
plotted with the total system head along the y-axis
andtheflowratealongthex-axis. Thesystemcurve
shows how the hydraulic losses (e.g. friction losses)
changeastheflowrateincreases.Italsoindicatesthe
minimum elevation lift that the pump must overcome
before the system can flow.

Inmanycases,thepumpcurveshowsenoughinforma-
tion to make an informed decision on the selection of
a pump for a given situation. In some irrigation sys-
tems, however, conditions change, and the pump will
operate at several different points along its character-
istic curve at different times. For example, the ground-
waterlevelin a well may change, or the pump could
provide water to different fields at different times. In
orderto properly determine where on the pump curve
the pump will operate, a system curve may be neces-
sary.

(1) Types of system curves
A pump must overcome two types of head:

¢+ elevation lift from the water source level tothe
highest point in the system

hydrauliclossesintheentiresystem duetopipe
friction, including losses through fittings, valves,
pressure required for sprinkler operation, etc.

Theelevationliftina systemisoftencalled statichead
because it does not change asthe flow increases. The
hydrauliclosses duetopipe frictionincrease asthe
flow rate increases. Each irrigation system will have
its own individual system curve, but similar systems
will have similar system curves.

(2) No lift—all friction head
A system where all of the head islost in pipe friction
astheflowrateincreasesisshowninfigure 8-7.In
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thiscase, thereisnoelevation difference betweenthe
water source and the outlet of the system. As the flow
rateincreases, thefrictionlossalsoincreases. The sys-
tem curves slopes upwards because the friction lossis
relatedtoroughly thesquareoftheflowrate. Figure
8—7showsthesystem curvefora2,000foot, 18—inch
pipeline (Hazen Williams C = 150) with no elevation
Lift.

(8) Mostly lift — little friction head
Asystemthatliftswaterfromthe water source
through a short pipeline to areservoiris an example of
a system that has mostly lift and small friction losses.
In this case, the system curve will be relatively flat,
because even athigh flow ratesthe friction losses are
small.

Figure 8-8 shows the system curve for a 100 foot, 18
inch pipeline (Hazen Williams C = 140) with an eleva-
tion lift of 20 feet.

(4) Both lift and friction loss

The most typical type of system has both elevation lift
andfrictionlosses. Figure 89 showsthe system curve
for a 2,000 foot, 18—inch pipeline (Hazen Williams C
=150) with a 20-foot elevation lift. The system curve
indicatesthatuntilthe pumpprovides20feetofhead,
nowaterwillflow throughthesystem.

(5) One-point method

In systems where the operating conditions are not ex-
pected to change, a system curve is not necessary, and
the one-point method of determining the pump operat-

Figure 8-7
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ingcondition maybe used. The total dynamicheadis
calculated only for the desired flow rate, and the point
representing the system head and flow rate is plotted.
The pump selected will be one where this point is both
onthe pump’scharacteristic curve and close to the
pump’s best efficiency point. An example of a system
wherethismethodisappropriateispumpingfroma
reservoirwithaconstantwaterlevel toadischarge
point of constant elevation and pressure.

(6) Determination of the pump’s operating
point

Insystemswhere the conditionschange, each ofthe
different conditions will result in a separate system
curvethatcanbeplotted onthe same graph.

Inthiscase,boththe pumpcharacteristiccurveand
the different system curves must be knowninorderto
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predicttheflowrateandtotaldynamichead produced
by the pump.

The operating point of a pumpis theintersection of
the pump curve and the system curve. For apump
with an electric power unit, and absent a variable-
speeddrive, the pump willhave one pump curve, but
the system curve will change as even seemingly minor
changes are made to the irrigation system, such as the
throttling ofa valve. A declining water table for a well
willalsoresultinachangetothe systemcurve.

In figure 8-10, the pump curve was obtained from the
manufacturer. Thesystem curve wasdevelopedfora
specificsystem and plotted onthe same graph. The
intersection of the two curvesis the operating point of
the pump.

(7) Developing a system curve
The development of a system curve requires analysis
ofhow much head the pump must produce as the flow

Figure 8-10 System curve and pump curve
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ratechanges. Astheflowrateincreases, thefriction
lossinthepipelinewillincrease, and the pump must
provide the energy to overcome the pipe friction if
thepumpistoactuallyoperateatthatflowrate. The
elevationliftthatthe pumpneedstoprovideisalso
partofthesystemcurve.

The components of the total head that must be con-
sidered atarange of flow ratesinclude velocity head,
elevation head, friction loss, and pressure head. Exam-
ple 8—1(fig. 8-11) shows the development of a system
curve.

Determinethepointwhereany pumpwilloperateby
overlaying the pump curve onto this system curve. The
intersection of the two curvesis the operating point of
the pump.

(8) Water level drop

Whentheelevationofthe waterbeing pumped de-
clines, the system curve shifts up by an amount equal
to the elevation change. In figure 8-12, the water level
drops 10feet. The shape of the system curveisthe
same, butthecurve shiftsup. The pump curve will
intersectthenewsystemcurveatadifferent point.

(9) Throttling a valve

Thefrictionlossthrough avalveincreaseswhenthe
valveispartiallyclosed. Theadditionalfrictionlossis
proportionaltothevelocity head. The system curves
shifts increasingly upwards as the flow rate in the
system increases (fig. 8-13).
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Example 8—-1—Developing a system curve

Develop asystem curve for an 8—inch PVC (IPSSDR=41) pipe thatis 2,000 feet long where the waterliftisa total
of20feet. The water exits the pipeline directly into a reservoir.

Solution: Inthisexample,ignore the suction section of the system. In many cases, thismaybe a significant part of
the system. Also ignore the minor losses due to fittings and bends in the system. 8-inch PVC: From NEH636.52,
table 52C—-3, the outside diameter of an 8—inch PVC (IPS SDR=41) is 8.625 inches. The wall thickness is 0.21
inches, so the inside diameter is 8.205 inches. Using the Hazen Williams equation, we can calculate the friction loss
inthepipeline. Hazen William’s C factor (obtained from 210-NEH, section 5), for PVCis 150. Note that the velocity
head is small.

Inthisparticularcase,becausethe wateroutletisintoareservoir,allthe pressureheadthatisdeveloped atthe
outletofthe pumpislosttofriction. Thereis zero pressure at the outlet because the water dischargesinto directly
theatmosphere. The friction loss overthe 2,000 feetisequal to the pressure head developed at the outlet tothe
pump.

Allthreeformsofhead (friction loss, elevation change and velocity head) are added together to determine the total
dynamichead (TDH) forthe system at each flow rate.

Flow rate vs TDH
Q(gpm)  Frictionloss (ft) Elevationchange  Velocity head TDH
0 0.0 20 0.0 20.0
400 4.6 20 0.2 29.9
600 9.6 20 0.2 2939
800 16.4 20 0.4 26.8
1000 24.8 20 0.06 38.8

TDH for asystem thathasanozzle ornozzlesatthe end (asprinklerirrigation system, for example) would include
pressureatthenozzle. The plotted system curveforexample 8—1isshowninfigure 8-11

Figure 8-11 System curve for an 8-inch PVC pipe 2,000 Figure 8-12 System curve shifts upwards when the water
e feetinlength and withanelevationliftof 20 s level declines
feet
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Figure 8-13 System curvechange whenavalveis partially
s closed

System curve change when a valve
is partially closed

=)
g
o

(A}
(=]
(=)
\

Valve partially / .
closed (K=20) \, 9 /

.
o? : g >
®
+$ $3° -Valve fully open

g

20.04

Total dynamic head (ft)
s
(==}

,_.
o

g
o
=

200 400 600 800 1,000 1,200
Flow rate (gal/min)

Example 8—2—Pump curve-system curve interaction

Foragivenpumpcurve, andthe system from the previous example determine thechangein pump performance

whentheliftrequired from areservoir dropsfrom 90to 100feet during a drought.

Solution: Plotthe pump and system curves (fig. 8-14).

Whenthetotal elevationliftis 20 feet, the pump produces 600 gallons per minutein the example system. The pump
produces 30 feet of total dynamic head: 20 feet for the elevation, and 10 feet of head thatisused upin pipe friction.
When the elevationin the reservoir drops 10 feet, the total lift of the system becomes 30 feet, and the pump pro-
duces 488 gallons per minute. The pump produces 36.7 feetof total dynamichead: 30feet forthe elevation, and 6.7
feetthatisused upin pipe friction. Note that the pipe friction lossislessin the second instance because the flow

rate has decreased.

Figure 8-14 Effect of a water level decline on pump
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623.0802 Centrifugal pumps

(@) Centrifugal pump fundamentals

Thecentrifugal pump operatesonthe principle of
centrifugal action. In a centrifugal pump, a motor or
other driver rotates an impeller fitted with vanes im-
mersed in the fluid tobe pumped and enclosed in a
casing. Fluid entersthecaseatthecenterandisim-
mediately engaged by the impeller, which is in rapid
rotation. This rotation causes a flow from the center of
theimpeller toits rim or the outside of the case where
pressure head is rapidly built up. To relieve this pres-
sure, the water escapes through the discharge pipe.
Thecentrifugal pump willnotoperate untilthecaseis
entirely full of water, or primed. Even the self-priming
centrifugal pump design will not “dry prime,” and
requires afull pump casein order to evacuate air from
the suction piping. The need of priming isone of the
disadvantages of the horizontal centrifugal pump.

Centrifugal pumps are built in two types: the horizon-
tal and vertical centrifugal. The horizontal type has a
vertical impeller connected to a horizontal shaft. The
vertical centrifugal pump has a horizontal impeller
connectedtoavertical shaft.

Both types of centrifugal pumps draw water into their
impellersviasuction, sothey mustbe setonlyarela-
tivelyfew feetabove the water surface. The vertical
typehasanadvantageinthatitcanbeloweredtothe
depth required to pump water and the vertical shaft
extended tothe surface where powerisapplied. The
centrifugal pump is limited to pumping from reser-
voirs, lakes, streams, and shallow wells where the total
suctionliftisnot morethanapproximately 20feet.

The horizontal centrifugal pump, illustrated in figure
8-15,istheonemostcommonlyusedinirrigation.
Itcostsless,iseasiertoinstall, and more accessible
for inspection and maintenance. However, it requires
more space than the vertical type. The horizontal type
canbeinstalled in a pit to keep the suction lift

within operating limits, but it usually is not feasible to
construct pits or vaults more than about 10 or 15feet
deep. Electrically driven pumps are best for pit instal-
lations because the least cross-sectional area is re-
quired. Pitinstallations may require drainage and ven-

tilation. Centrifugal pumps will leak water to lubricate
thebearings, and that water needstobe removed from
thevaultor a dangerouslow oxygen condition may
develop. Abackflow check valve is also needed where
thereispotentialforreverseflowinthe drainline.

The vertical centrifugal pump may be submerged or
exposed. Theexposed pumpissetinawatertight
sumpatanelevationthatwillaccommodatethesuc-
tionlift. The submerged pumpissetsotheimpeller
and suction entrance are under water at all times.
Thus, it does not require priming. But maintenance
costs may be high asitis not convenient to give the
shaft bearings the best attention. Pumps of this kind
usually are restricted to pumping heads of about 50
feet.

(b) Principal characteristics of centrifu-
gal pumps

Centrifugal pumps are variable displacement type.
Theyarewidelyusedbecauseoftheirsimplicity
andrangeofcapacities. These pumpshave apower
shaft with an attached impeller that rotates inside an
enclosed housing. Fluid enters the housing near the
center of the impeller and is forced outward by the
rotationofthe curvedimpellerblades (fig. 8—16). The
higher velocity at the outer end of the blades and low
pressure attheimpellercentercausethefluidtoflow.

Astheoutward movementofwateracross and around
the impeller (slippage) increases and further lowers
efficiency, the pump operating pressure is increased.
Pumping capacity, pressure, and power needs depend
ondesign and construction of theimpeller, enclosure,
and inlet and outlet.

Aclosedimpellerisefficient withliquid waste, but
plugging with tough, stringy solids and chunks can
betroublesome. A closedimpeller pumpisuseful

for high-pressure irrigation or recirculating liquid for
flushing. A semiopenoropenimpellerislessefficient,
butisalsolesspronetopluggingandisabletohandle
semisolids. Although generally inefficient, a sloped and
curved, semi open impeller design minimizes cavita-
tion and solids plugging.
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Figure 8-15 Horizontal centrifugal pump for surface or pitinstallation

Figure 8-16 Impeller types commonly used with centrifu-
gal pumps

0
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impeller impeller impeller
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Established pump manufacturers design, develop,
test, and manufacture a variety of centrifugal pumps
for mostuses. Modelsvary by size,impeller type and
clearance, pump inlet and outlet, bearing seals, and
drive arrangement. The principal characteristics of a
centrifugal pump are:

Smooth, even flow

+  Easy on pump, motor, piping, and foundation

+ Adapted to high-speed operation and to different
speeds

* Nonoverloading of power unit with increased

headsbutthere may be some danger of overload-

ingifheadisdecreased such asatstartup where
apump maybe allowed to pump out of control
and offthe curve.

+ Capacity and head depend upon pump revolu-
tions per minute (r/min) and impeller diameter
andwidth.Inagivenpump,thecapacityand
headwillvaryaccordingtotheindividualop-
erating characteristics of that pump; that is, an
increaseinheadreducesthecapacity andvice
versa.

Horsepowerisafunction of capacity, head, and
pump efficiency.

Whenthe speediskeptconstant, capacity de-
creases asheadincreases and powerisreduced.
Likewise, when the head is reduced, capacity
increases and power goes up;

When the operating speed is changed (fig. 8-17),
thecapacity will change in direct proportion to
the variation in speed. Note that the efficiency
curve remains the same with the increase in
pumpspeed atthesametime,thehead willvary
asasquareofthe changein speed while horse-
power will change as the cube of the change in
speed. Thisisrepresented by the following for-
mula (variation in impeller speed with constant
impeller diameter):

rpm, :&: \/h_1 _ 3 /bhp1 (eq.8-4)
pm, Q, h, °bhp,

where!

r/min = pump speed, r/min

Q = pump capacity, gal/min
h = head, ft

bhp

= brake horsepower

When it is necessary to vary the characteristics
of apump operation at constant speed, the same
relationships hold true, except changes that are
related to the change in impeller diameter. Then
capacity varies directly with the diameter; the
headvariesasasquareofthe diameter; andthe
horsepower varies as a cube of the diameter.
Thisisexpressed by thefollowing formula (vari-
ation in impeller diameter with constant impeller
speed):

di _ Qi _ /b, _ *bhp,

d, Q \/hi "Jbhp, (eq.8-5)

where:

d

= impeller diameter, in

Both relationships, (eqs. 84 and 8-5), are known
as the Affinity Laws. These changes described
take place with little ornochangein efficiency
for small changes in speed and impeller diam-
eter (maximum increase of speeds of about 5%).
Example 8-3 shows how to develop anew pump

Figure 8-17 Effect of speed change on centrifugal pump
s performance
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Example 8-3—Developing a new pump curve using the affinity laws

Find: + (Calculate correction factors for the discharge,
Pump performance curvesforapumpoperatingat head, and bhp, respectively using equation 8—4:
OH0ARaYA BRI PSR e haas g ih 18- (4,000)
Q=Q "™ L1111 Q
2 . _ ( )
operating speed is increased to 4,000 revolutions per \3,600J '
minute. (4,000)°
; H,=H, X| —=—=| =1.235(H
Solution: S L3, 600 J (H,)
. Pased onthe Eerforfmance curvesshown fin 3
1gure 8—18, the performance at a speed of 3,600 _ (4,000)" 1.372 (bhp )
. . . . bhp, ~ bhp, 8 Lg 600 - 1
revolutions per minute is determined as: J
H —
?gal/min) (f0) E,f)mency g;liif)e horsepower + Thentheperformanceataspeedof4,000revolu-
tions per minute is determined as:
0 350 0 25
100 349 28 30 Q H Efficiency  Brake horsepower
200 347 48 36 (gal/min) (ft) (%) (bhp)
300 338 62 42 0 4392 0 34
400 325 71 47 111 431 28 41
500 300 73 51 299 498 48 49
600 258 72 53 333 417 62 58
650 235 71 52 444 401 71 65
556 370 73 70
667 319 72 72
722 290 71 72

* Theresultsareplottedonfigure 8-18. Forthis
example, the efficiency remains the same with
theincreaseinpumpspeed.

Figure 8-18 Example of the application of the affinity law
messssss—— t0 Obtain new pump characteristics curves
whenthe pump speedischanged

500
450 |———¢ -_H-_O = i: diam. (4,000 rpm)
azzz Q.9 H- | -indiam (3 7 : S 32
~ T o\ I’ !l‘ﬂ \ - Q ,-0\
T 300 /4 N <50
= // {5‘ Qb\) \ fa %
$ 250 SR ™N 5150 &
2 SIEO) N 2 g
/ &\ 80 408
200 v B
[ LS —_——— 50 &8 (4,000 ™)
150 / 4 —éc”_ —— 60 2 30H php (&
100 /- — T — 405120 ohp (3,600 PM)
2 ,
50 0% |10
0 o A

0 100 200 300 400 500 600 700 808
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curve using the affinity laws. For large changes
inspeedorimpeller diameter, the efficiency
will likely be reduced. The pump manufacturer
should be contacted for details.

(c) Pump characteristic curves

For aparticularjob, the best selection of a pump will
beonethatwill operate atits peak efficiency. Unfor-
tunately, thisisrarely possibleforthereisonlyone
capacity and one head condition for each pump where
thehighestefficiencyisobtained. Becauseitisobvi-
ously impossible for any manufacturer to design and
build the many pumps required to meet all operating
conditions, manufacturers have settled upon stan-
dard designs for required head and capacity ranges. A
well-designed andintegrated line of pumpswillbe so
arranged thatitispossible to select some pump from
thelineforanycondition and obtain an efficiency that
iswithinafew percentage pointsofthe maximum.
Characteristic curves are available and should be used
toselect the best pump for the particularjob.

Thesecurvesare developed atthe factory after ex-
haustive tests during which the water flow capacity,
pressure, power input, etc., are carefully measured
andplottedonacurve.

Afullsetofcharacteristiccurvesincludes, in addition
tothehead-capacity curvefor different speeds,an
efficiency curve and ahorsepower curve (fig. 8—19).
Thehead-capacity curve for the constant speed of the
pump represents the variation in head with respect to
theflowrate of water delivered by the pump. Head-
capacity curvesfordifferent,recommended speeds
ofthe pump are shown. The horsepower curve shows
the amountof powerrequired to drive the pump. The
efficiency curve shows the amount of usable work
done by the pump in percent of power delivered to the
pump shaft. Efficiencies may be determined for any
given head, speed, and capacity. The highest efficien-
cies pump should be selected. Pumpsofidentical
design will have practically identical characteristics
with only slight differences due to unavoidable manu-
facturing variations. See example 8—4 for procedure on
how toselect a pump using pump curves.

(1) Pumps in parallel

Head-discharge curves can be developed for parallel
and series operation of centrifugal pumps to satisfy
awiderangeofservicerequirements. Acombined

head-discharge curve can be developed for parallel
operation of two or more pumps by adding horizon-
tallythe capacitiesof thesameheadsinwhich a static

Figure 8-19 Typical characteristic curves for horizontal
s centrifugal pump
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head of20feetisassumedtobeavailable. Infigure 8-
20, a single centrifugal pump which delivers 1,000
gallons per minute at 60 feet of headis considered.
Two pumps in parallel operation will deliver 2,000
gallons per minute at 60 feet of head. Butalsoshown
is the effect of the system curve. The middle curveis
theoriginal system curveandtheactualflowrate for
parallelpumpswouldbesomewhatlessthandouble
at 1,200 gallons per minute. The system curve would
havetobechanged (e.g.larger pipe, lessrestriction,
etc.) matchingthebottom curve, doubling the flow.
Severalotherfactorscomeintoplaywhenoperating
parallel pump. These include stable versus nonstable
H/Q curves, nonidentical pumps, and various methods
of variable frequency drives (VFD) control.

An unstable pump curve is one that the head actually
decreasesasthe pump approachesshutoff. Thistheo-
retically could allow the pump to oscillate between
higher andlowerflows aschangesin the system occur.
Although pumps with unstable curves can work well
in many applications, they are not suited for operation
in parallel. If the primary pump is operating at a head
that is higher than shut off, the secondary pump may
not be able to produce enough head to come online.
Thisisespecially trueforlarger pumpsthatmaybe
started against a closed valve (Evans 2008).

When two pumps with unequal flows, but having the
same shutoffheads are use, each will contribute to the
combinedflowratebased ontheirindividualflowsat
aparticularhead. Thetroubleoccurs when two pumps
ofunequalheadandflowrateareoperatedinparal-
lel one or the other of the pumps may not be able to
contribute. In most cases, it is recommended against
using pumps with unequal shut off head and flows in
parallel. If used, detail must be given to proper start-
ing sequence and system curves. The object is to allow
both pumpstooperate ator near their best efficiency
point (BEP) (Evans 2008).

WhenaVFDisusedtocontrol parallel pumpsthere
are three basic configurations. A single drive may be
used to control both pumps. Both pumps wouldrun at
identical speedsand any changestothe system condi-
tions would create identical results with each pump.
Thisworksbest when therequired flow rateisnever
lowerthanthecapacity ofasingle pump.

Anotheroptionistohavethe VFD controljust the
primary pump. If the flow or head requirements for

theprimary pump areexceeded, the secondary pump
comesonlineatfull speed andthe VFD adjuststhe
primary pump accordingly to maintain the required
conditions. The main advantage of this arrangement is
alowerinitial cost, which maybenullified by the dis-
advantages of additional safety equipment and poten-
tial lower operating efficiencies of the primary pump.

Thethird conditionis more complex, and thatisto
have each individual pump control by a separate VFD.
This requires a sophisticated control scheme allowing
communications between the two drives. One pump
canbe operated by itselfuntilits capacity is exceeded
thenthe other pumpisbroughtonline tomeetthe
new requirements. This arrangement has great flexibil-
ity astosystemconditions(Evans, 2008).

There may be times when the combined efficiency
curve for two pumps in parallel needs to be deter-
mined. It can be calculated by using equation 8-6:

(Q,+Q,)H
3,960(BhpatQ,+BhpatQ, )

Eff =

(eq.8-6)

(2) Pumps in series

Pumps are frequently operated in series to supply head
greaterthaneither pumpcansupplyonitsown. Boost-
er pumps fallin to this category, where one pump is
used to booster the pressure of the main pump. Two
pumps are connected in series if the discharge of one
pump is connected to the suction side of the second
pump. Identical pumps in series will operate in much
the same manner as a two (multiple) stage centrifu-
gal pump. The planning procedure for series pumps

1s similar to that involved with parallel pumps. For
pumps operating in series a combined head-discharge
curvecanbe developed by verticallyaddingthe heads
at the same capacities. In figure 8-20, the two pumps
operated in series will deliver 1,000 gallons per minute
at120feetofhead. Aswith parallel pumps, theresul-
tantflowrateandheadaresomewhatdependenton
the system curve. If the flow and head were not con-
trolled, the system would stabilize along the original
system curve at ~1,300 gallons per minute and 80 feet
ofhead. Ifthe flow rate wasfixed at 1,000 gallons per
minute, the system would develop anew system curve
(the upper system curve), and the flow would be 1,000
gallonsperminuteat 120feetofhead.
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8-20

Thereareseveral pointstoconsiderwhenusing
pumpsinseries. Ifthefirst pumpcannotsupply
enoughliquid tothe second pump, thereisahigh
potential for cavitation problems. For this reason, both
pumps must have the same width impeller. The pumps
will need to run at the same speed for the same reason
(avoid potential for cavitation).

The second pump will need to be able to handle the
higher pressure and may require high-pressure me-
chanical seals, packing, higher strength material, rib-
bing, or extra bolting.

Both pumpswillneed to be filled with liquid before
startup and operation. The second pump should never
be start until after the first pump is started.

There maybetimeswhen the combined efficiency
curve for two pumpsin series needs to be determined.
It can be calculated by using equation 8-7:

Q(Ha+Hb )

Eff =
3,960(Bhpat H, +Bhp at H, )

(eq.8-7)

(8) Definition of total dynamic suction lift
and total dynamic head

Indetermining head forcentrifugal pumps, itisneces-
sarytocalculate the TDH considering both the suction
anddischargesidesofthe pump. Therefore,the TDH

isequaltothetotal dynamic suction lift plusthe total
dynamicdischarge headlesssuction velocity head as
shown in equation 8-8.

TDH=h,+h,-h, (eq.8-8)
where:
TDH = total dynamichead, ft
h, = totaldynamicsuctionlift, ft

h;  =totaldynamicdischargehead, ft
h suction velocity head, ft

S

Atmospheric pressure determines the maximum
practical suction lift. Atmospheric pressure not only
varies with altitude and temperature, but also varies
withweatherconditions. Asthe pressureonthewater
atsealevelisone atmosphere or 34 feet, the highest
theoretical suctionlift for pure water at sealevelis
34 feet less friction losses. This maximum theoretical
suction lift can notbe obtained under actual condi-
tions. Pump manufacturers usually recommend that
the design suction lift be limited to 70 percent of its
theoretical value.

The computed dynamic suctionlift must notbe more
than the maximum design static siphon lift. If a suction
lift is greater than the maximum design static siphon
lift, the system willnot operate properly under de-
signed conditions. The discharge will drop below the
required amounttoapoint wherefriction and velocity
head are sufficiently decreased. When this condition

Example 8~4—Selecting a pump curve

Given:

Using figure 8-19, find a centrifugal pump and power unit capable of delivering 480 gallons per minute at 180 feet of

total dynamic head (TDH).

Find:

Pump curve that satisfies the flow head requirements at the high efficiency.

Solution:

Selectapump thatwill operate nearitshighest efficiency mostofthe time. The pump represented by curves shown
infigure 8—19will satisfy thiscondition. Find 180 feet of TDH on the vertical axis; follow the dotted line toitsin-
tersection with the 480 gallons per minute line extending up from the horizontal axis. The intersection of the verti-
cal and horizontal dotted lines indicates that this pump will be satisfactory if operated at 2,000 r/min. It will then
operate atitshighest efficiency of 73 percent and will require a power unit capable of producing 30 horsepower or

greater to the pump shaft at 2,000 r/min.
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exists, the staticlift should be decreased oralarger
suction pipe used to decrease the friction loss. Table
8-1 gives the maximum design static siphon lift based
on altitude and water temperature.

Total dynamic suction lift is composed of these factors
(fig. 8-21):

static suction lift (actual vertical distance of
center of pump above lowest water surface after
pumping begins)

* friction head in suction pipelines

* headlossesinelbows, strainers, footvalves, and
other accessories

+ velocity head

Alllossesonthe discharge side of the pump must be
accurately computed. The total dynamic discharge
head is composed of these factors (fig. 8-21):

+ Static discharge head, which is the actual verti-
caldistance measured fromthecenterline ofthe
pump tothecenterline of the pipe at the dis-
charge end, or to the surface of the water at the
discharge pool, whichever is greater.

Table 81 Maximum design static siphon lift for water in
s feet (based on 70% of theoretical maximum lift
Towa Institute of Hydraulic Research)

Altitude Temperature CF)

() 60 70 80 90 100
0 234 232 230 226 222
500 23.0 228 225 222 218

1,000 22.4 22.3 22.0 21.8 21.4
1,500 22.0 21.9 21.6 21.4 20.9
2,000 21.6 21.5 21.2 20.9 20.5
3,000 20.8 20.6 20.4 20.1 19.7
4,000 20.0 19.9 19.6 19.3 18.9

5,000 19.2 19.1 18.8 18.6 18.1
6,000 18.5 18.3 18.1 17.8 17.4
7,000 17.8 17.6 17.4 17.1 16..7
8,000 17.1 16.9 16.7 16.4 16.0

+ Friction head in the pipeline. (For sprinkler
systems,thelateralsarenotincluded—onlythe
main and supply line.)

+ Frictionheaddevelopedintheelbows,reducers,
valves, and other accessories.

+ Velocity head atend of discharge pipe.

Pressure required at end of line. For sprinkler
systems, this is the pressure required to operate
thelateral,andincludesallofthe pressurelosses
expected in the lateral, sprinklers, valves, etc.
Whenthesystemisdesignedtodischargefreely
into a ditch or reservoir, no additional pressureis
required atthe end of theline.

(d) Data for selecting pump

This information is usually needed by the pump manu-
facturer tofurnish the correct size and type of centrif-
ugal pump for a particular installation (fig. 8—22). See
example 8-5 for procedure of calculating TDH.

(e) Installation

Foracentrifugal pump tocontinue tooperate atits
designed efficiency, and also to prolong the life of the
equipment, the pump shouldbecorrectlylocated, have
agoodfoundation, andbe properly aligned. These fac-
tors should be consideredinlocating the pump:

+ Itshouldbe easily accessible both for inspection
and maintenance.

+ It shouldbe covered to protect it from the ele-
ments. Inthe caseofapumphouse, adequate
headroom shouldbe provided for servicing the
equipment.

It should be safeguarded against flood conditions
unlessawetpit-typepumpisused.

+ Itshould be placed as close as possible to the
water supply soastomake the suction line short
and direct.

Pumping units that are to be installed in a permanent
location provide the opportunity for developing the
best type of foundation (fig. 8-23). Concreteisthe
bestmaterialforconstructingagood pumpfounda-
tion. The pumpunitshould be securely fastened tothe
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Figure8-21 Layoutofcentrifugal pumping system usedindetermining TDH

Sprinkler lateral
(pressure required=50 Ib/in%)

400ft. of 61in. pipe 300 ft. of 5in. pipe
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Figure 8-22 Data sheet for selecting a centrifugal pump
——
Sourceof water supply:
Total dynamic suction lift: (ft)
Foot valve and strainer: O Yes O No
Total dynamic head required: (ft)
Discharge capacity of pump: (gal/min)
Pump location: O Movable O Permanent
Typeofdriver: O Electric Voltage Phase Cycles(Hz)
O Gasoline
O Diesel
O Powertakeoff
O NaturalorL.P.gas
Power unit O Separate from pump
O Combined with pump
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Example 8-6—Calculating TDH for a centrifugal pump

Given:

An irrigation pumping system using a centrifugal pump is designed for the layout shown in figure 8-21. The pump
dischargeis500gallonsper minute andislocated atan altitudeof 1,000 feet. The maximum watertemperatureis
80 degrees Fahrenheit, and all pipes are 14-gage steel with steel fittings.

Find:
The total dynamic suction lift and the total dynamic head.

Solution:
Calculate the total dynamic suction lift:

Static suction lift: 13.00

Using the Hazen-Williams equation, calculate the friction loss through the pipelines using C factor of 120:
pipelength=(25+10)=35ft

35feetof 5-inch pipeat 500 gallons per minute:

35x0.0582 2.04

Findthe velocity and friction head in fittings by convert the flow rate from gallons per minute to cubic feet per
second using the conversionfactorof2.228 x 10-3(ft3/s/gal/min):

v_Q

A
500x2.228x10°

S

= 8.17 ft/s
VZ
¥ Y .h,=K—
5-in.45degreelong-radiusbend: ™ 9o 0.19
=0.18x1.04
(Kvaluesfoundinappendix 8F)
'
Foot valve: hf:KZg 0.83
=0.8x1.04
gV
Strainer: hf_KZg 0.99
=0.95x1.04
& 8.17
locity head: — = ——— 1.04
Velocity head % (2><32.2) 0
Total suction lift (ft): 18.09
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Example 8—5—Calculating TDH for a centrifugal pump—continued

According to table 8—3, the maximum design static siphon lift at altitude of 1,000 feet with water temperature
of 80 degrees Fahrenheit is 22.0 feet; therefore, the pumping system as designed is within the limit of practical
suction lift.

The total dynamic discharge head is calculated: ft
Static discharge head: 30.00

Frictionheadinpipelines
(H-W equation, C=120):

400ft of 6-in. pipe =400x 0.024 9.58
300 ft of 5-in. pipe = 300x0.0582 17.46

Friction head in fittings:
(Kvaluesfrom appendix 8F)

v
One 5-in. to 6-in. expansion: h,= 9%g 0.10
=0.10x1.04
VZ
One 6-in. standard 90° elbow: 1= K% 0.14
=0.28x0.50
h —Klz
One 6-in. gate valve open: " f 2g 0.05
=0.09x0.50
Five 6-in. takeoff valves: 0.09 x 0.50x 5 0.23
Five 5-in. takeoff valves: 0.11 x 1.04 x 5 , 0.57
h =K'
One sprinkler hydrant valve and elbow: f 2g 8.32
=8x1.04
h =K \ﬁ
One 6-in. to 5-in. reducer: 2g 0.07
=0.07x1.04
. : . V' o8aT
Velocity head at the end of the discharge pipe: = 1.04
2g (2x32.2)
Pressure required to operate the sprinkler lateral: 50 1b/in2 x 2.307 115.35
Total discharge head (ft) 182.91

Total dynamic head =Totaldynamicsuctionlift+Totaldynamicdischargehead—Suctionvelocityhead
=18.09+182.91-1.04

=199.96 ft
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foundation. The recommended method of setting the
foundationboltis shown.The couplingbetween the
pumpand powerunit mustbeincorrectalignment
regardlessofthetypeofcoupling. Figure 8-23 shows
how a coupling can be checked for alignment with a
steelstraightedge. Whenthecouplingisbyashaftand
double universaljoint, a shield should be placed over
andaroundthetwohorizontal sides to protect the
operator from the fast-moving shaft.

The pump mustbe at alevel position at all times to
operate properly. Figure 8—23 shows how four to six
wedgescanbeusedtoraisetheentire pumping unit
about three-quarter inch above the foundation. The
wedgescanthenbeadjusted asnecessary tobring
thepumpintoalevel position. Afterthepumphas

Figure 823 Suggestionsforinstallingcentrifugal pumps

Typical foundation for centrifugal pump unit
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shaft

Correct coupling alignment

Drive Motor Steel straight Motor
§ shaft shaft edge shaft
Steel Ty ]lell;]fi [ ]
straight X ¥
edge—> | —l :

Incorrect angular alignment Incorrect parallel alignment

beenleveled, a form should be built atleast two and
one-halfincheshigh aroundthebaseplate;concrete
isthenpoured tofillin the gap between the pump and
foundation and allowed to harden thoroughly. The
wedges may beleftin place. When the concrete is
hardened, the foundation bolt should be tightened and
the alignment rechecked. If there is any misalignment,
itcanbecorrected by placing shims under the pump,
motor,orbrackets.

The motor should now be checked to see if it rotates
inthe proper direction. The rotation of the motor must
beinthe same direction as the arrows on the pump
casting. Iftherotationisinthe wrongdirection, the
wiring is probably incorrect.

The pumps must line up naturally with their power
unitand piping. Pipes should not be forced into place
withflangebolts asthis may draw the pump out of
alignment (fig. 8-24). Suction and discharge pipelines
shouldbe supportedindependently of the pump so as
nottoputany strainonthe pumpcasing.

Thesuction pipe, particularlyinthe caseoflong
intake pipes and high suction lifts, should be laid with
auniform slope, upward from the source of water to
the pump. There should benohigh spots where aircan
collect and cause the pump to loseits prime. The inlet
end of the suction pipe should be suspended above
the earth bottom of a stream or pond orlaidin a sump
made of concrete or metal. On horizontal suction lines
where areducer is used, the reducer should be of the
eccentrictypewiththestraight sectionontheupper
side of the line and the tapered section on the bottom
side (fig. 8-25).

Figure 824 Examplesofbad pump and pipe alignment
s (courtesy of Cornell Pump Company)
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Air may enter the suction pipe entrained in the water,
or by means of whirlpools (or vortex) that form in the
sump whenthe water velocityistoohighintheintake
pipe, if the water level in the sump is too low, or the
inlet nozzle is not sufficiently submerged. This gener-
ally canbe overcome by using alarger suction pipe,
especiallyifthe pipeisflared.Inshallow water,amat
orfloatlocated above the suction inlet will reduce the
vortex (fig. 8-26). Pipesizes should beincreased until
the water velocity isless than 3 feet persecond at the
entrance. More information on submergence depth is
found in American Society of Agricultural Engineers
EP369.1 DEC1987 (R2010), Design of Agricultural
Drainage Pumping Plants.

A stream of water falling into the sump near the intake
pipewillchurnairintothe waterand cause troublein
the suctionline. Thiscanbe overcome by extending
thesuctionline deeperintothe waterorbyinstallinga
baffle as shown in figure 8-27.

When water must be pumped from a well or a sump
of smallcross-sectional area, the water willtend to
rotate, and this will interfere with the flow into the
suction line. This is particularly true in cylindrical

Figure 825 Proper suction pipe and pumpinstallation
s (courtesy Cornell Pump Company)
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sumps or wells. A baffle placed on opposite sides of
the suction pipe and at aright angle tothe rotation of
thewaterovercomesthistrouble. Also, offsetting the
pumpintake fromthe centerofa circular sump will
reduce rotation.

A short elbow should never be bolted directly to the
suctionopeningofapump. Having such asharpbend
sonearthepumpinletcausesadisturbanceinthe
water flow and may resultin noisy operation, loss of
efficiency, and heavy end thrusts. This is particularly
true when the suctionliftis high.Ifitisnecessary to
makeabendinthe suctionline, it should beinthe
form of along sweep or long radius elbow and should
beplaced asfaraway from the pump as practicable.

Screens or strainers should be used to exclude debris
from the suction line. If the source of water contains
large amounts of small debris, a screen should be
placed around orin front of the inlet. The screen
should be placed 2 or 3 feet from the suction inlet to
provide good protection and be less likely to clog.
Strainers, on the other hand, are generally small and
are fastened to the end of the suction pipe. They are
only satisfactory in relatively clear water (fig. 8-28).
For more on screens see appendix 8B.

Figure 8-26 Vortexandairentrainment prevention (cour-
e {esy Cornell Pump Company)
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Figure 8-27 Pump station design to prevent air entrainment from cascading water (courtesy of Cornell Pump Company)
|
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Figure 828 Example of pump intake screen cleaned by
msssss———  rotating sprays near Richland, WA
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In some cases, itisnot possible tolocate the centrifu-
gal irrigation pump in a permanent location. It may be
neededin more thanonelocation onthe farm. Thisin-
creasesthedifficulty of providing a properfoundation.
Portable pump units generally are mounted on wheels
orskids. Itisveryimportanttolocate thistype of unit
sothatitislevel, onfirm ground, and securely staked
inplacesothatitwillnot shift whileoperating.

In pumping from rivers with moderately sloping banks,
the horizontal centrifugal pump may be mounted on
skids, sloping timbers, or track sothatitcanbere-
moved quickly from floods. This method also canbe
used where the water level fluctuates sufficiently to be
outofrange of suction lift if the pump were installed
inapermanentlocation. With steepbanksitmaybe
necessarytobuild afoundation platform secured to
piling or to place the pump uniton a floating barge or
boat (fig. 8-29).

Care should also be taken on the discharge side of the
pump. Using small or undersized discharge valves, pip-
ing, and fittings increases the friction loss and thereby
the energy costs. Abrupt changes in pipe diameter
create turbulence and places for air pockets to form.
Discharging at a right angle into a manifold once
againcreatesturbulence andrestrictsflow. Awye (Y)

Figure 829 Pump uniton aflowingbargein an animal
e waste pond near Nampa, ID

branch connection in the direction of flow is preferred
ifachangeindirectionisneeded (fig. 8—30).

(f) Priming and startup

Starting a centrifugal pump with an empty discharge
line and an open-line gate downstream from the pump
withnoback pressure can create extreme power
demand that can overload the pump motor. Backpres-
sureonacentrifugal pumpisnecessary toavoid this
situation. The recommended startup procedure is to
close the pump discharge line gate at startup, slightly
opentheline gatetofill theline, and then fully open
theline gate (valve). A closed check valve at the pump
discharge plus a filled delivery line may provide suf-
ficient backpressure for pump startup, if the pump
system has been recently operated. However, a leaky
flap on a check valve (bad seal or debris lodging) or
other pipe leakage may not allow sufficient backpres-
sure to be maintained between shutdown and restart
operations. Before startup, read the backpressure
using the pressure gage downstream from the check
valvetodetermineifbackpressureissufficientfor
startup with an open discharge line valve. During
startupofanemptydischargeline, theairinthedis-
charge and delivery lines must be purged through an
openventoropen-endvalve. Always follow the pump
manufacturer’s recommendations for pump startup.
Caution should be usedifthe pumpisoperated ator
near shutoff head (no flow, dead head condition) for
any length of time. Excess energy builds up, increasing
the temperature of the fluid being pumped and even-
tually causing the fluid to boil and damage the pump.
Note that startup procedures for propeller pumps
(axial flow) are significantly different than those for a
centrifugal pump.

Centrifugal pumps are typically not self-priming, and
even the self-priming centrifugal pump requires the
pump casing to be full of water to enable it to evacu-
atetheairfromthe suctionline. Thetypical centrifu-
galpumpusedinirrigation willnotlift waterfroma
source of supply unlessboth the pump casing and the
suctionpipe arefull of water. Priming of mostirriga-
tion pumps is generally accomplished by:

use of a foot valve and water from an outside
supply—The outside supply must be large
enough tokeep the pump and suctionlinefilled
until the pump is primed (fig. 8-31).
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Figure 8-30 Poor discharge piping practices (courtesy of Cornell Pump Company)
|
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Figure 8-31 Priming with foot valve and water supply
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separate hand-controlled priming pump and Figure 8-32 Priming with foot valve and hand primer,
sesssssssssm  blueberry farm near Fargo Lake, WA

foot valve—The hand-priming pump is a simple,
high-speed air pump with its primer suction inlet
connected tothe priming partofthecentrifugal
pump (fig. 8-32). The pump handleisused to
actuate a diaphragm in the priming-pump cham-
ber. Toprime the pump, close the discharge gate
valve and air vent valve. Open valve in priming
line. Exhaust air from pump and suction piping
until water flows from priming pump. Close valve
in priming line, start centrifugal pump, and open
discharge gate valve.

+ engine exhaust—Pumps powered by combustion
enginescanbe primedby a device utilizing the
engine’s exhaust gas, known as an exhaust gas

ejector primer (fig. 8-33). Thisdeviceis essen- Hand

tially a velocity pump for the removal of air from primer —A Discharge
. . . 1 I

the centrifugal pump and the suction line by the Airvent i gaie Vaff,e

entraining actionofarapidly movingjetofex-
haust gas from the engine.

With the exhaust primer, rapidly moving exhaust
gas expands and contracts in passing through
the ejector nozzle and the Venturi tube entrains
air in the mixture at the induction chamber. The
continued entraining effect rapidly removes air
fromthepumpcasing,and waterisdrawninto
thesuctionpipeandthe pumpcasing.

Follow manufacturer’s instructions to prime the
pump.

manifold primer—The manifold primer can be
used on a wide variety of combustion engines
andhavefouror more cylinders (fig. 8-34). This
primerusestheengine manifold vacuumtoevac-
uateairfromthepumpcasingandsuctionline.
It is equipped with a float valve that provides
instantand positiveclosure assoonasprimingis
complete to prevent reverse flow during normal
pump operation. The manifold primer is almost
automatic on most installations; however, it is
generally furnished with a reset switch to open
the float valve any time it closes prematurely.

Toprime pump,closedischarge gatevalve, run
motor at slow speed, and open shutoff valve of
primer. When pump is full of water, close shutoff
valve, accelerate engine, and open discharge gate
valve.

8-30 (210-VI-NEH, Amend. 78, January 2016)
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dryvacuum pump—Priming by this method
involves the use of a dry vacuum pump powered
by an auxiliary motor or belted or geared-to-the-
pump motor to evacuate air from the pump cas-
ing and the suction line (fig. 8-35). A water-level
indicatorofsight glass, asshowninthedrawing,
willhelp todetermine whenthe pumpisprimed.

Toprimethe pump,openthedischarge gate
valveifacheck valveisnot used, open the prim-
ershutoffvalve,andstartthevacuumpump.
Whenthe pumpisprimed, close the shutoff
valve, stop the vacuum pump, and start the cen-
trifugal pump.

self-priming centrifugal pump—Self-priming
centrifugal pumps are made by several manu-
facturers (fig. 8-36). With this type of pump, the
pump chamber and hopper must be first filled
with water. Its advantage is primarily confined
to smaller-size pumps. They are used extensively
by contractors, but are generally limited to small
irrigation systems.

After the pump is filled with water, the engine

is started. The water within the impeller then is
discharged upward into the chamber, as shown
in figure 8-36(a). This action instantly creates
avacuumattheimpellereyeandairfromthe
suction line and water within the pump rush into
this void. They are mixed at the impeller periph-
ery and discharged upward into the chamber
where the air escapes from the water. The force
of gravity pullstheheavierair-freewater downto
theimpeller.Moreairisentrainedandthecycle
is repeated until the pump is primed.

When the pump is primed, and pumping chan-
nels 1 and 2 shown in figure 8-36(b) become
onecommon discharge channel, the water no
longer circulates within the pump while pump-
ing. The pumpisequipped with acheck valve at
thesuctioninlettothe pump,and thusthepump
is always full of water and priming is automatic
afterthe pumpisoncefilled by hand.

Figure 8-34 Priming with manifold primer
——
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\

Figure 8-35 Priming by dry vacuum pump
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(g) Net positive suction head

Centrifugal pumps do not pull water through a suction
pipe;theycanonly pump waterthatisdelivered to
them. Theweightofthe Earth’satmosphere forceswa-
ter toriseinto the pipe when airisremoved from the
suction pipe by a primer pump, and thereby delivering
watertothepump.

Eveninthebestofcircumstances (including a near-
perfect vacuum with cold waterat sealevel elevation),
the maximum water column thatcanbeforced by
atmosphericpressure never exceeds about 34feetin
height, but the practical limits are less. As elevation,
water temperature, and pipe friction increase, the
height of the water column that can be forced drops.
The maximum columnofwater thatcanbecreated

in a pipe under a given set of conditions is known as
net positive suction head (NPSH). More information is
given about NPSH in NEH623.0809.

(h) Troubleshooting

Whenthecentrifugal pump failstooperateorthe
discharge or the pressure drops, the cause of trouble
should be investigated immediately and steps taken to
eliminate it. The majority of troubles with centrifugal
pumps (except mechanical failures) can be traced to

Figure8-36 Self-primingcentrifugal pumps

Discharge

Discharge

the suction line and thejoints, elbows, foot valves, and
otheraccessories. Airleaksinthesuctionline must

be eliminated to attain the maximum suction lift for a
given installation. The following checklist will be help-
fulinlocating the cause of the trouble:

(1) Pump fails to prime:

* Failureofthe pump to primeis mostly caused by
anairleakin the suctionline or pump. The most
common sources of airleaks arein the threaded
connectionofthesuctionline. Disassemblethe
fitting, apply the appropriate thread sealing com-
pound, and then reassemble, drawing the threads
tight. All connections provided with gaskets must
be drawn up tight.

* Thecheck valve onthe discharge side of the
pump mayhave debrislodgedbetweentherub-
ber flap and the valve seat. This will prevent the
valve from sealing and forming an airtight joint.

* QOccasionally, gaskets shrink and admit air into
the pump. Tightening the flanges or connections
will remedy this difficulty.

* Rotary shaft seals may leak air if improperly
greased orworn. Check thisbyrunningthe pump
andsquirtingoilontheshaftjustoutsidethe
seal. Ifoilisdrawnin to the seal, aleakisindi-
cated. Filling the seal with grease may eliminate
the difficulty, but if the parts are worn, repairs
maybenecessary. Ifthesealisalwayskeptfull
ofthe proper grade of grease, little trouble, if
any, will be encountered.

Connections in the priming line between the
pump and the primer must be air-tight or the
pumpwillfailtoprime.

Screw tight all drain and fill plugs in the pump
casetopreventairleaks.

Aplugged suction line ora collapsed suction
hoselinerisafrequentsource of priming difficul-
ties. Thispossibility should notbeoverlooked.

(2) Pump fails to develop sufficient pressure
or capacity:

* Verify that the pump shaft is turning in the direc-
tion of the arrow on the pump casing. As viewed
from the motorend, the rotationisusually clock-
wise, but check the startup instructions that
came with the pump. On three-phase motors,
swap any two power leads tochange rotation.
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It is recommended that a qualified electrician
perform this task.

Check the pump drive speed. The capacity of the
pump will vary directly with speed, and pres-
surewillvary with the square ofthe speed. This
means that increasing the speed 20 percent will
increasethecapacity 20 percent,andthehead 44
percent. On internal engines, check the governor
and adjust if necessary. With electric motors,
check to see if motor is wired correctly, and
receiving full voltage.

Checkthesuctionline, strainer,andfootvalve.
Theymaybeclogged with debris. Afrequent
source of difficultyis a collapsed suction-hose
liner, which hasthe effect of reducing the capac-
ity and the pressure that the pump develops. The
foot valve may be too small or not immersed
deepenoughtopreventairbeingdrawninwith
the water.

Check forairleaksin pump or suctionline. Air
leaksinthe suctionline orinthe pump will cause
areductioninboth thecapacity and the pres-
sure.Asmallairleak thatisnotgreatenoughto
prevent the pump from priming may reduce both
the capacity and the pressure.

Check the suctionlift. If the suction lift is too
high, reductionincapacity will occur. Lifts of
morethan 20feet are definitely toohigh for
efficient operation. The closer the pump canbe
located to the source of the supply, the better
results will be obtained.

Checkthelengthofsuctionlines. Longsuction
lineshavethe same effect as a high suction lift
becauseoftheincreased friction when the water
passes through the line.

Checkforworn parts. Wornparts, such asimpel-
lerwearrings, willreduceboth thecapacity and
the pressure. The impeller may be damaged or
thecasing packing maybedefective.

3

CY

(5)

Checktheimpellerforclogging.Iftheimpeller
1s plugged with foreign materials, a reduction in
boththe capacity and the pressure will occur.

Checkthepipinglayout.Itischaracteristicof
centrifugal pumps operated at constant speed
that as the pressure is increased, the capacity
decreases.Inthosecaseswhere the pump pres-
sureandthecapacity arein accordance with the
characteristiccurve,and whenthe speed ofthe
engine cannot be increased, make some altera-
tionsinthe pipeline so astoreduce the frictional
resistance and thereby increase the capacity of
the pump.

Pump takes too much power:
Checkthespeedof pump. Ifitishigherthanrat-
ing,reducethespeedtothepumprating.

The pump head may be lower than pump rating,
thereby pumping too much water.

Check for mechanical defects such as bent shaft,
binding rotating elements, too tight stuffing box,
or misalignment of pump and driving unit.

Pump leaks excessively at stuffing box:
The packing maybe worn or not properly lubri-
cated.

Thepacking maybeincorrectlyinserted ornot
properly run in.

Packingisnottherightkindorthe shaft maybe
scored.

Pump is noisy:
Hydraulic noise due to cavitation—suction lift
may be too high.

Check for mechanical defects, such asbent shaft;
binding rotating parts; loose, broken, or worn-out
bearings; or misalignment of pump and driving
unit.
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|
623.0803 Deep-well turbine
pumps

(a) Deep-well turbine pump
fundamen- tals

The deep-well turbine pump used in irrigation is adapt-
ed for usein cased wells or where the water surface is
below thepracticallimitsofacentrifugal pump. Suc-
cessful installations have been made where the water
surface was 500 feet below the ground. Turbine-pump
efficiencies are comparable with those of a good hori-
zontal centrifugal pump. Long and dependable service
is provided if properly installed and maintained. How-
ever, the pumps are usually more expensive than cen-
trifugal pumps and more difficult to inspect and repair.

Turbine pumps are classified by the type of flow pro-
duced by the impeller. The centrifugal type pump
dischargeswateratrightanglestotheaxisofrotation.
In the axial-flow type, water is given an upward thrust
bytheimpellersimilartoaboatpropeller. Another
type commonly usedisa combination of axial-flow
and centrifugal and is known as a mixed-flow turbine
(fig. 8-37).

The turbine has three main parts: the head, pump
bowlsection, and discharge column. A shaft from the
head tothe pump bowl section drives the impeller.
Thebowl sectionisplaced beneath the water surface.
Theintake section has a screen to keep coarse sand
and gravel from entering the pump. The turbine pump
has stationary guide vanes surrounding the impeller.
Asthe water leaves the rotor, the gradually enlarging
vanesguidethewatertothecasingandthekinetic
energyisconverted topressure. Thevanesprovidea
more uniform distribution of the pressure.

Figure 8-37 Typical deep-well turbine pump (Extension farm near, Lodi, CA)
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In the deep-well turbine pump, the maximum impeller
diameterisdetermined by the diameterofthebowl,
whichis,inturn, restricted by the well diameter. Since
well diameters usually are relatively small, the head
developed by a single impeller (a single bowl), known
as a single-stage pump, is not great. It is usually neces-
sarytouse morethanone stagetocreate therequired
pumping head with a one-stage impeller discharging
directlyinto another. The head producedbysucha
pumpisdirectly proportional tothenumberof stages;
thatis, foragivencapacity,atwo-stage pump will
produce twicethehead of asingle-stage pump.

Thetypeofimpeller affectsthe pumping capacity. The
pumping capacity is determined by the area through
which flow occurs and by the velocity of flows through
this area. The velocity is determined by the peripheral
speed of the impeller and the quantity is determined
by the width of the impeller. Of twoimpellers of the
same diameter, the one having greater width will have
agreatercapacity. Theimpeller maybe designed so
that the discharge does not increase as rapidly with
reductioninliftand, thus,theincreaseinthebhpthat
isrequired atlowlift may beavoided. Thisisanadvan-
tage to prevent overloading with changing hydraulic
conditions.

Impellers also may be designed with a higher effi-
ciency over anarrow range of discharges with arapid
decrease in efficiencies under both larger and smaller
heads. In wells where fluctuations in lift frequently
occur, impellers with flat-topped efficiency curves usu-
ally will give higher average efficiencies for all-season
operations.

Seasonal fluctuations in the water table should be
determined priortoinstalling the pump sothebowls
ofthe turbine pump can be placed below the farthest
drawdown point. Although a pumpiscapable of draw-
ing the water below the bowls by drawing on suction,
itisbetter tohavethe suctionliftinreserveagainsta
lowering of the watertable. Inlocations where fluc-
tuations are apt to occur and maintaining a constant
discharge over the anticipated pumping range is im-
portant,apowerunitwithvariable speedsshouldbe
used.

Inareasoffluctuating watertable, a good policyis
to install a water-level measuring device with the
pump. Thiswill enable the operator to keepinformed

of groundwater conditions and to anticipate system
alterations and pump replacements.

Pumping sand entrained water from a deep well
causes abrasion of the turbine pump and canlead to
premature failure. The problem occurs where water is
pumped from asand formation and the wellsarenot
properly gravel packed, have improperly sized or de-
teriorated well screens, or the water velocity through
the screensisexcessive. Itispossible toalleviate the
problem with a sand separator installed on the pump
intake. Sand separators create an additional hydraulic
losstothe system, and the sand expelled to the bot-
tom of the well requires periodic bailing toremove
the sand accumulation and requires the additional
expensetopulland replace the pump. Inthe severe
casesofentrained sand, the well may have tobe aban-
doned and anew well drilled and properly developed.

(b) Principal characteristics of deep-well
turbine pumps

The deep-well turbine pump, as constructed today,

is fairly well standardized both to materials used and
general assemblage. Probably the greatest differences
between the manufactured units are in the design of
thebowlandimpeller andinthe method of lubrica-
tion. Some companies offer oil-lubricated line shaft
bearings, others water-lubricated, and some offer
both. Both types have been operating successfully.
Wellslocatedin fine sands shouldbe equipped with an
oil-lubricated pump. Waterfor domesticuse mustbe
free of oil, and since oil-lubricated pumps waste some
oilintothe water,itisimportantthatthoselineshaft
bearings be water-lubricated.

Each reputable manufacturer has developed a series
of pump bowls that have definite characteristics. A
series of bowls that may be used singly or, more com-
monly, in a series, to meet any combination of head
and discharge with a reasonably high efficiency have
beendeveloped. Possibly the biggest differencebe-
tween manufacturers is in the efficiency guaranteed
overtherangeof pumpingheadsanddischargesspeci-
fied. One manufacturer maybe able tomeetarange

of discharge and lift with a set of bowls at the peak of
their performance curve, while another manufacturer
may have to utilize a set of bowlsthatisoperatingto
one side or the other of their best performance to meet
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the conditions specified. Most modern turbine pumps
are primed by submergence.

The selection of the proper sizes of pump column and
shaft, type and numbers ofbowls, spacing of bearings
and spiders for shaft stabilization, and the matching of
various units of the pump to meet all well conditions,
have defied all attempts at simplifications and stan-
dardization. Most companies offering deep-well tur-
bine pumpshavebuiltup theirown datafrom which
thevariouspartsoftheturbine pumpareselected and
matched to meet a specific condition. These data are
both voluminous and fairly complicated. Specifying
limiting sizesof pumpfeaturessuch ascolumnand
shafting material used, may result in a pump installa-
tion thatis more costly, and, in some cases, less ef-
ficient, than could be obtained ifthe matching of the
pump assemblage werelefttothebidder.Instead,if
guaranteed efficiencies and complete description of
the unit are specified, sufficient data will be obtained
tomake proper comparisons.

(c) Pump characteristic curves

Characteristic curves of the deep-well turbine pump
aredeterminedbytestand dependlargely onthebowl
designandthespeedoftheimpellershaft. Headca-
pacity, efficiency, horsepower, and rate of speed are
similar to those given for the centrifugal pumps. Ef-
ficiency curves, in particular, are similar if the pumps
are operated at their designed speed. Turbines, howev-
er,cannot operate at a high efficiency over as wide a
rangeofspeedsascancentrifugal pumps. Thereason
for thisisthathigh efficiencyis possible onlyifthe
vanesinthebowlareinline with the flow of water as
itleavesthe tip of the impeller. The direction of water
flowleaving theimpellerchanges whenthe speed of
the impeller changes. This causes turbulence against
thevaneandresultsinreducedefficiency.

Figure 8-38(a) shows a typical characteristic curve
for a deep-well turbine pump. It is important that the
characteristic curves be studied carefully in selecting

Figure 8-38 Typical characteristic curves for deep-well turbine pump: (A) operating at constant speed, and (B) head, ef-
s ficiency, and horsepower at which a typical 10-in. turbine pump will deliver 500 gal/min
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a pump for any operating condition. If the pump is too
large, it will operate too far to the left of its curve and
the efficiency will be low. A small increase in head will
causealargedecreaseincapacity. Whenthe pump

is too small, it will operate too far to the right of its
curve.Again, thisprovidespoorefficiency. Thehead
developed per stage will be low, requiring additional
stagesthatwould nothavebeennecessaryifabetter
selectionhadbeen made. Figure 8-38(b) showsthe
effect of change in operating conditions on pump ef-
ficiency.

The operating characteristics of deep-well turbine
pumps are determined by test and depend largely on
thebowl design,impeller type and the speed of the
impeller shaft. Flow rate, TDH, bhp, efficiency, pump
revolutions per minute, and affinity laws are similar
to those given for centrifugal pumps. Vertical turbine
pumpsare generally designed foraspecificspeed set-
ting.

Pump curves for turbine pumps are normally shown
for a single stage sothe TDH obtained will be deter-
mined by multiplying the indicated head on the pump
curve by the number of stages. The bhp requirements
mustalsobemultiplied by thenumberofstages. It
should be noted that the flow rate will not change no
matter how many stages are added.

The TDH for deep-well turbine pumps differs some-
what from centrifugal pumps in that suction lift is
notinvolved becausetheimpellersofthe pump are
submerged. Losses in the pump and pump column
areincluded in the pump efficiency and should not be
included when figuring the total dynamic head. There-
fore, the TDH is composed of these factors:

+ statichead, whichisthe actual vertical distance
in feet measured from the waterlevel in the well
when pumping the required discharge to the cen-
terline of the pipe at the discharge end

friction head in the discharge pipeline

* headlossesinelbows, reducers, valves, and
other accessories

*+ velocity head at the end of the discharge pipe

pressurerequiredattheendofthedischarge
pipe. Howtocalculatethetotal dynamichead
foraturbinepumpusingfigure 8-39isshownin

select the number of stages for a deep well pump
foragivenhead.

(d) Data for selecting pump

Before any pump selection canbe made, have avail-
ableaccurate well data. While apump canbe selected
for any head and capacity, an unsatisfactory instal-
lation is certain to result unless this pump matches
thecharacteristicsofthe well. Every well should,
therefore, be tested before a pump is purchased for
permanent installation. These tests should be made
with the greatest accuracy, since faulty capacity or
head measurements are as bad as no measurement

at all. The following information is usually desired by
pump manufacturerssothatthetypeandsizeofpump
needed to fit the characteristics of the well can be
determined:

Depth of well: (ft)

Inside diameter of well casing: (in)

Depth to static water level
(first of the season): (ft)

Furnish drawdown-yield

relationship curve:

Seasonal

fluctuation in water table: (ft)

Capacity of pump: (gal/min)

Depth to end of suction pipe: (ft)

Isstrainerrequired?:
If so provide particle graduation

Typeofdriver:
Electric:
Voltage
Gasoline:

Natural orLPgas

Phase Cycle

Diesel
Power takeoff

example 8-6. Example 87 demonstrates how to
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(fig. 8-40):

+ Asystemcurve forawell with thehigh

water tableconditionsthatoftenexistin
thespringat thebeginningofthe
pumping season,isshown
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Figure8-39 Layoutofdeep-well turbine pumpingsystemusedindetermining TDH
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Example 8—-6—Calculating TDH for a turbine pump

Given:

A deep-well turbine pump (fig. 8-39) is designed to deliver 1,000 gallons per minute. All pipes and fittings are 12-
gage flanged steel.

Find:
Total dynamic head.
Solution: (ft)
1. Total static head:
(pumping head + static discharge head) =55 ft + 25ft 80.00
2. Friction head in the discharge line:(Hazen-Williams equation, C=120)
3. 320 ft of 8—in. pipe at 1,000 gpm = 320 (ft) xx 0.0216 (ft/ft) 6.91
4. Friction head in fittings: two 45° long-radius bends
2
h=2kV)
£ L 2g J 0.22
=2x0.17x0.64
5. Velocity head at the end of the discharge pipe: E: 6.41 0.64
2¢  2x32.2
6. Pressurehead 0.00

Total dynamic head (TDH) 87.77

Figure 8-40 Effect of changesinoperating conditions on deep-well turbine pump efficiency
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Example 8~7—How to determine output head for multi-stage deep-well turbine pump

Given:
A five-stage, deep-well pump with a 7.13-inch diameter impeller whose characteristic curves are shown in figure
8-41 supplies a discharge of 800 gallons per minute.

Find:
Output head and bhp.

Solution:

Follow the dashed verticalline from 800 gallons per minute up towhereitmeetsthe 7.13-inchimpeller curve on
the upper portion of the chart. Follow the dashed horizontal line left to where it shows 26 feet of TDH. Multiply-
ing 26 by 5 stages gives 130 feet of TDH. Next, follow the dashed vertical line from 800 gallons per minute up to
the 7.13-inchimpellerbhp curve on thelower portion of the chart and then follow the horizontal dashedline left to
whereitshows6.5bhp. Multiplying 6.5bhpby 5 stages producesa 32.5bhp requirementforthispump. Alsonote
thatthe pumpisoperating atits peak efficiency of 80 percent. At thisefficiency the calculated waterhorsepower
(whp) is 26.

Figure 8-41 Characteristic curves for deep-well turbine
s pump (source: Irrigation Water Pumps by

Thomas F. Scherer)
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ascurveA, and the pump performance curveis
represented by curve B.

* Undertheseconditions, the two curves cross
at point X, which indicates that this particular
pump would deliver 700 gallons per minute with
alift of 39 feet.

* Apumpischosen with the highestefficiency,
about 71 percent atthis point as shown by effi-
ciencycurve C. Laterinthe season,the waterta-
blemaydrop 10feet,and thenew head-discharge
curve may appear as shown by dotted curve D.
Thiscrossescurve BatpointY,indicatingthat
only 530 gallons per minute will be delivered, and
thenew head will be 46 feet instead of 39 feet.

* Therefore,theoperating pointhasmoved down
the efficiency curve, and the new efficiencyis ap-
proximately 65 percent instead of 71 percent.

* Inchoosingapump,obtainaccuratedataon
thefluctuationsofthe watertable.Inthiscasea
pump with an efficiency curve as shown by dot-
ted curve E would have served both conditions
with high efficiency at all times. A pump design
which produces a flat-topped efficiency curve
1s advantageous under the conditions shown in
figure 8-40.

(e) Installation

Most of the installation features described under cen-
trifugal pumps also apply to turbine pumps. Deep-well
turbine pumps must be in correct alignment between
the pump and the power unit, and the pump should be
alignedin the well casing sothatno part of the pump
assembly touches the well casing. This is important

because vibration in the pump assembly will wear
holesin the well casing whenever the two come into
contact.

The pump must be mounted on a good foundation so
that the alignment between pump, drive, and well cas-
ing will be maintained at all times. The foundation and
fasteners must also be designed to withstand upthrust
and downthrust forces. Afoundation of concrete
provides the most permanent and trouble-free installa-
tion. Thefoundation mustbelarge enough sothatthe
pump and drive assembly can be securely fastened.
Thefoundationshouldhaveatleast 12inches ofbear-
ing surface on all sides of the well. In the case of a
gravel-packed well, this 12-inch clearance should be
measuredfromtheoutside edge ofthe gravel packing.
When the pump is installed in a gravel-packed well, at
leasttwoopenings shouldbe providedinthe founda-
tion on opposite sides of the well to permitrefilling
with gravel as the gravel-pack settles, asillustrated in
figure 8-42.
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Figure 8-42 Typical deep-well turbine pumpinstallation
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623.0804 Submersible pumps

(@) Submersible pump fundamentals

The submersible pump is simply a turbine pump close-
coupled to a submersible electric motor attached to
thelower side of the turbine. Both pump and motor
are suspended in the water, thereby eliminating the
long-line shaft and bearing retainers that are normally
required for a conventional deep-well turbine pump.
Operating characteristics are the same as described
for deep-well turbine pumps.

Submersible pumps are adapted tocased wells of 4
inches in diameter or larger and settings generally

in excess of 50 feet deep. The short line shaft makes

it particularly suited to deep settings and crooked
wells. As the submersible pump has no above-ground
working parts, it canbe used where flooding may be a
hazard by sealing the well and placing the starting box,
meter,and transformeron apole above high water.
Itisalsoadaptabletolocationswhere aboveground
pump facilities would be unsightly or hazardous.

(b) Principal characteristics of submers-
ible pumps

The submersible pump consists of a pump and motor
assembly, a head assembly, discharge column, and a
submarine cable tofurnish power to the motor, asil-
lustratedinfigure 8—43.

The pump, being a centrifugal-type turbine, is
equipped witheitherclosedimpellersoropenimpel-
lers or some modification of these two types arranged
in series. The closed-impeller type is generally used
whereitis necessary for the pump to develop high
pressures. Water enters the pump through a screen
located between the motor and pump.

The submersible motors are made smaller in diameter
and much longer than ordinary motors so that they
maybeinsertedinwellsoftheusual diameters. These
motors are made in various ways but are generally
referred to as dry motors and wet motors. Dry motors
arethosethatarehermetically sealedtoexcludethe
waterinthe well. These motorsruninhigh dielectric

oil under pressure, which fills the cavity inside the
motor, submerging the windings, bearings, and rotor.
Various provisions are made to prevent the entrance
of water into the motor. External cooling of the oil is
accomplished by the flow of water around the motor.

Wetmotors are those in which the well water has
access to the inside of the motor with the rotor and
bearings actually operating in the water. In this type
of motor, the windings of the starter are usually com-
pletely sealed off from the rotor by means of a thin,

Figure 8-43 Typical submersible pump
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stainless steel inner liner. A filter around the shaft is
required to prevent the entrance of abrasive material
intothe motor. This type of motor mustbe filled with
water during installation so that the bearings will have
sufficient lubrication when the motor is first started.

(c) Installation

The discharge pipe connectsthe pump tothe head
assembly. This pipe mustbelong enough toprovide
complete submergence of both the pump and the mo-
tor at all times. The initial cost of installing a submers-
iblepumpislow. Easeofinstallationisanoutstanding
featureasitisnecessaryonlytoaddtherequired
length of discharge pipe to lower the unit to the proper
setting. Thehead assembly shouldreston,andbe se-
curely fastened to, a concrete base that covers the well
casing.Sincethecomplete pumpand motorassembly
isinthewell, nopumphouseisrequired, thus saving
installation costs. The control panel, however, which
includes an entrance switch, meter, magnetic starter,
and,inthecaseofadry motorinstallation, an oil well
safety control, should be enclosed in a waterproof

box.

The average number of starts per day over a period of
monthsoryearsinfluencesthelife ofa submersible
pumping system. Excessive cycling affects the life

of control components, such as pressure switches,
starters, relays, and capacitors. Rapid cycling can also
cause motor spline damage, bearing damage, and
motoroverheating. Allthese conditionscanleadto
reduced motorlife.

The pump size, tank size, and other controlsshould be
selected to keep the starts per day aslow as practical
for longest life. Consult the manufacture’s information
for the maximum recommended number of starts per
24-hour period.

Motors should run a minimum of one minute to dis-
sipate heat buildup from starting current. Six-inch and
larger motors should have a minimum of 15 minutes
between starts or starting attempts.

623.0805 Propeller pumps

(@) Propeller pump fundamentals

Therearetwotypesofpropeller pumps, the axial-flow
(or screw type) and the mixed flow. The major differ-
encebetweentheaxial-flow and the mixed-flow pro-
peller pumps is in the type of impellers, as illustrated
infigure 8—44.

Theprincipal partsofapropellerpump are similarto
the deep-well turbine pump in that they have a head,
an impeller, and a discharge column. A shaft extends
from the head down the center of the column to drive
the impeller.

Where propeller pumps are suited, they have the
advantage oflow first cost and the capacity to deliver
morewaterthanthecentrifugal pumpforagivensize
impeller. Also, foragivenchangein pumpinglift, the
propeller pump will provide a more nearly constant
flow than a centrifugal pump. Their disadvantage is
that they are limited to pumping against low heads.

(1) Axial flow pumps

The axial flow single-stage propeller pumps are limited
topumpingagainstheadsofaround 10feet. Byadding
additional stages,headsof30to40feetareobtainable.
These pumps are available in sizes ranging from 8 to
48inches. Theimpellerhasseveralbladeslikeaboat
propeller. Thebladesare setontheshaftatangles
determinedaccordingtothehead and speed. Some
manufacturers have several propellers for the same
sizeof pump, thereby providing for different capaci-
ties and heads. The water is moved up by the lift of
the propeller blades and the direction of flow does not
changeasina centrifugal pump. The spiral motion of
the waterresults from the screw action, but maybe
corrected by diffusionvanes.

(2) Mixed flow pumps

The mixed flow propeller pumpisdesigned especially
for large capacities with moderate heads. The smaller
size single-stage pump will operate efficiently at low
headsfrom 6to26feet. The multiplestageandlarge
size pumps will handle heads up to approximately
125 feet. They are generally built in sizes ranging from
10to 30inches. The mixed flow pump uses an open
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Figure 8-44 Typical axial and mixed flow pumps
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vanecurvedbladeimpellerthatcombinesthe screw
and centrifugal principles in building up the pressure
head. They have a capacity range from 1,000 gallons
per minute to approximately 50,000 gallons per minute
dependingonsize, stages,and heads. The mixed flow
pump operates more efficiently against higher heads
than the axial flow propeller pump.

(b) Principal characteristics of propeller
pumps

Power requirements of the propeller pump increase di-
rectlyastheheadincreases, soadequate power must
beprovidedtodrivethe pump at maximumlift. There
1s some tendency for a propeller pump to overload
asheadisincreased. Forthisreason, select a motor
which will provide ample power to drive the pump
throughtheentirerangeof conditionsduetochanges
in water level or discharge pressures, including head
at startup. Propeller pumps are not suitable under con-
ditionswhereitisnecessarytothrottlethedischarge
to secure reduced delivery. Accurately determine the
maximum total head against which this type of pump
will operate.

Propellerpumpsarenotsuitablefor suctionlift. The
impeller bowl must be submerged with the pump
operating at the proper submergence depth. Different
makes and sizes of pumps require different submer-
gence depths. Therefore, the recommendations of the
pump manufacturer should always be followed. Fail-
uretoobserverequired submergencedepth maycause
severe mechanical vibrations and rapid deterioration
of propellerblades.

Proper clearances must be maintained between the
end of the intake pipe and the side walls and bottom of
the pit or pump-intake bay. Failure to observe manu-
facturers’ recommendations on this point can result
inlower efficiencies. When two or more pumps are
installedinone pumpbay,there mustbeaseparation
farenough so asnot tointerfere with each other. The
pump manufacturers have specifications for this dis-
tance. In general, this distance should be three times
thediameterofthebell attheintake end of the pump
measured between bells. Some propeller pumps are
design from reservoir or ditch banks manufacturers’
recommendationsneed tobeobserved.

Some manufacturers recommend that each propel-

ler pump haveitsown sump. Thiscanbe obtained by
constructing a baffle wall between adjoining pumps
reaching from the sump floor to the waterlevelin
thesump. Wheneachpumphasitsownsump, the
distance between pumpsis controlled by the required
clearance between the end of the suction bell and the
sump side wall. Sidewall clearances, floor clearances,
and minimum submergence depth required for propel-
ler pumps are givenin NEH623.0810.

(c) Pump characteristic curves

Characteristic curves for propeller pumps are quite
similartothoseforturbine pumps. Typicalheadcapac-
ity, efficiency, and bhp for a given pump size, type of
impeller, and discharge are illustrated in figure 8-45.

Propellerpumpsare madeby mostofthenationally
known pump manufacturers and by many small local
machine shops. The large pump companies have rating
curves developed by actual tests. These rating curves
takeinto account alllossesin the pump.

Pumps manufactured by small shops for local distribu-
tion generally lack the hydraulic design requirements
incorporated into those manufactured by larger corpo-
rations for national distribution. The result is that they
are generally cheaper to buy, but have higher operating
costs, particularly forhigherheads. Fewofthesmall
localcompanieshave made sufficient teststodevelop
adequate rating curves. Generally, for static lifts up to
about 4 or 5 feet, losses in the pump are not so impor-
tant and these locally manufactured pumps may be
fairly economical.

The TDH for propeller pumpsissimilarto that for
deep well turbine pumps and is composed of the fol-
lowing factors:

Static head, which is the actual vertical distance
measured from the low-water pumping level in
the pump bay to, as shown in figure 8—46, (a)
centerline of pipe atthe dischargeend when the
waterlevelisbelow the pipe atthe discharge
end, (b) to the water surface at the discharge end
when the pipe is submerged, and (c) to water
level in discharge bay when installation is made
to take advantage of siphoning.
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Figure 8-45 Typicalcharacteristic curvesforan 18—inch axial flow,single-stage propeller pump with three different types of
e propellers
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Figure 8-46 Layoutsofpropeller pumpsindetermining TDH in example 8-8
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* Inthecaseofasiphoninstallation atthestartof The velocity head and friction losses can be reduced
pumping, raise the water to the highest point in by enlarging the discharge pipe. Generally, a smooth
thelinetofillthedischarge pipe. The siphoning iron discharge pipe should be 2to4incheslargerthan
actionwill start and somereductioninhead will the pump elbow. Corrugated pipe willrequire acorre-
takeeffect. Noadditional power willberequired; spondingly higher increase in size. The increase in size
however,capacity willbereduced until siphon- shouldnotbe made abruptly. Anexpanding section 3
ing starts. The limit to practical siphon lift de- to 4 feet long should be used to connect the pump to
pends upon altitude above sea level, water-vapor the discharge pipe.

pressure at water temperature, velocity head
athigh pointinthesiphon,and headlossinthe

(d) Data for selecting pump

siphon piping.

* Headlossesinpump columnpipe, pumpdis- Ingeneral,thedataneededforproperlyselectinga
chargeelbow,and suctionbowlare generally propellerpumpanddriveareaboutthesameasthat
included whenthe pumpefficiencyisdeter- forthe other typesof pump. Reasonably accurate
mined. Some companies base their efficiency on data must be furnished to the pump manufacturer for
astandardlengthof pumpcolumn.Ifalonger proper selection amongtheavailableline of propeller
length than the standard is used, the friction loss pumps. These data should include:

for this additional length must be added in deter-

mining the total dynamic head. + Capacity of pump (gal/min)

* Friction head in the discharge pipeline.

+ Discharge conditions: (show by sketch)

* Head losses through flap valves and strainer. — discharge above water level
— discharge submerged

Velocity head atthe end of the discharge pipe.

— siphon

Example 8~8—How to find TDH for propeller pump

Find:

Determinetotal dynamicheadforthe pumpinglayoutshowninfigure 8—46(a)foradischargecapacityof1,200gal-

lons per minute.

Solution:
Totalstatichead (pumpingleveltocenterline of discharge pipe)

Frictionheadin additional 6feet of pump column (as published by company 0.307/ft)

8in.pipeat1,200gal/min=6ftx0.307
Friction head in discharge line (Hazen-Williams equation, C factor 120):
101in. pipeat1,200gal/min=18ftx 0.01
Frictionheadinfittings (nostrainerscreenon pump)
Velocity head at end of discharge for 10 in. pipe =v2/2g
Total dynamic head (TDH)
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* Totaldynamichead (ft) See example 9for meth-

odtocalculate TDH.
+ Strainer: Yes.  No___
Types of power:
— Electric: Voltage _~ Phase
— cycle
— combustion engine
+ Typeofdriver:

— direct-connected vertical hollow
— shaft motor ____ verticalpulley _
— V-belt

(e) Installation

Thevertical propeller pump shouldbe seton a firm,
adequate foundation and securely fastened so that it
will withstand the pump vibrations as well as the dead
load of the pump and structure. The entire weight of
the complete pump unitis supported by thebaseor

floor plates. The foundation should be designed to sup-

portthis weightevenlyon all sides of the base plate
and allow the unit to hang perpendicularly through the
floor opening provided forit. Itisimportant to obtain
uniform support for the base plate so asto avoid de-
flection of the pump column.

Generally,the pumpisfastenedtoafloorthatissup-
ported either on piling or on the sides of the intake
bayorsump. Ifapartially enclosed pumpbayisused,

it should preferably be square. A circular shape tends
toaccentuate therotationofthe waterinthe sump,
which may seriously interfere with pump operations.
Theinstallation ofbaffle plates attached tothe sidesof
the sump will help toovercome this trouble.

A 45-degree-angle propeller pump should be installed
with the same care as outlined for the vertical pump.
Since this pump must set at an angle tothe pumpbay
andwater surface,itisnecessarytosoarrangethe
supportingbeamssothatthe pump’sbaseplatecan
besecurelyfastenedinaccordance withthe manufac-
turer’s recommendations.

Some type of strainer or screen should be installed to
exclude floating wood orother debristhat would dam-
age the impeller if drawn into the pump. Some manu-
facturers provide a small strainer that can be attached
to the suction bowl. These strainers work satisfactori-
lywhenwaterispumpedthatiscomparatively free of
floating vegetation and small debris. When the source
of watersupplycontainsthistypeofforeign material,
thesmall strainerisapttobecomeclogged. Whenthis
happens, construct some type of screen around the
inlet of the intake bay or sump so as toincrease the
area for straining out the small debris.
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623.0806 Positive displacement
pumps

(@) Positive displacement pumps funda-
mentals

Although the vast majority of pumps for irrigation
water supply are rotodynamic (including centrifugal)
pumps, positive displacement (PD) pumps are also
used in irrigation systems. A PD pump causes fluid to
movebytrappingafixedamountofthefluidandthen
forcing (displacing) that volume into the discharge

pipe.

APDpump canbe furtherclassified according to the
mechanism used to move the fluid:

* reciprocating-type (for example, piston or dia-
phragm pumps)

+ rotary-type (for example, the helical, lobe, gear,
or screw pumps)

The common design feature of all PD pumpsisthaten-
ergy is added to the pumped fluid at discrete intervals;
in rotodynamic pumps, energy is added continuously.
The pump characteristic curves reflect the fact that the
operation of PD pumps is fundamentally different than
that of rotodynamic pumps.

PDpumpsarenormallyusedtoproducehigh fluid
pressures, a feature needed in many agricultural appli-
cations, including the injection of fertilizer and chemi-
calsintoapressurized pipe system. They alsoproduce
aconsistentflowrate, regardlessoftheheadinthe
system. This consistent flow rate can have important
advantages when injecting fertilizer and chemicals into
asystem.

PD pumps have operating advantages that make them
more practical for certain applications. These pumps
are typically more appropriate for situations in which
the following apply:

system requires high-pressure, low-flow pump
performance

* pump must be self-priming
flow must be metered or precisely controlled

pump efficiency is important

PDpumpsareoftenseeninlivestock watering sys-
tems,whenthepumpisamechanical windmillorpart
of a solar or wind powered system.

One disadvantage is that PD pumps typically require
more system safeguards, such as relief valves. Since
the flow rate is essentially independent of backpres-
sure, there is risk of overpressurizing the discharge

piping and components.

Ifallthedischarge lines downstreamofapump are
closed while the pump is operating, overpressure
conditionscanoccur quickly. If the pressurerelief
valvesfail, the pump motor will eitherreachitslock-
outtorqueorthe pressure willbuild until someother
part of the system fails or ruptures. Obviously, this
would be catastrophic. Therefore, a regular mainte-
nance programtocheck thesevalves shouldbestrictly
followed. Infact,in many of these pumps, reliefvalves
are internal to the pump.

PD pumpscan experience many of the same problems
described in regard to centrifugal pumps, and they
can experience some problems oftheir own. In many
PDpumps,thecyclicalnatureofthe pumpingaction
causes fatigue in components such as bearings and
diaphragms.

(b) Pump characteristic curves

In some respects positive displacement pumps are
very different from rotodynamic pumps:

PD pumps donothave a best efficiency point
(B.E.P).

* Thecapacityisnearlyconstantasthehead
changes.

PD pumpsdeliver a fixed amount of liquid for each
cycle of pump operation. Intheory, the only factor that
affectstheflow rateisthe speed at which it operates.
The pressure generated is determined by the system’s
resistancetothisflow,and thesystemthe pump sup-
pliesisnot afactorinthe flow rate. Thisfeature makes
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them suitableforpreciseapplicationofchemicalsand
fertilizers into anirrigation system.

Asthedischargepressureofa PD pumpincreases,
however, some of the liquid willleak and thisreduces
theflowrate. Thisleakageiscalled slippageandis
reflectedinthegenericcharacteristiccurve shownin
figure 8-47. Changing the speed of the pump will shift
thevertical pump curve totherightorleft.

(1) Affinity laws
Althoughwetendtoassociateaffinity lawswithcen-
trifugal pumps, positive displacement pumps also obey
asetofrelationships based onthe pump speed, flow
rate, head, and horsepower.Inthecase of PD pumps
the affinity laws are straight forward.

» Flow—Flow varies directly with a change in
speed. Iftherotational speedis doubled, flow is
also doubled.

o Pressure—Pressure is independent of a change
inspeed. If weignore efficiency losses, the pres-
sure generated at any given rotational speed will
bethatrequired to supportflow.

e Horsepower—Horsepower varies directly with
achangeinspeed. If we double therotational
speed, twice as much power will be required.

= Net positive suction head required (NPSHR)—
NPSHRvariesasthesquareofachangeinspeed.

Figure 8-47 Typical PD pump curve
——

Slippage

\ [ 4— Ideal
Real—/ \

Pump head

Flow rate

If the pump speed doubles, NPSHR increases by
four. More information is given about NPSHR.

(c) Types of PD pumps

(1) Reciprocating positive displacement
pumps

Reciprocating type PD pumps are typical on irrigation
systems

Diaphragm pumps—Diaphragm pumps are recip-
rocating positive displacement pumps that employ a
flexible membraneinstead of a piston or plungerto
displace the pumped fluid. They are self-priming (can
prime dry) and can run dry without damage.

One typical application of a diaphragm pump is a prim-
ing pump used to prime a centrifugal pumpthatisset
above the water surface (fig. 8-48). Diaphragm pumps
are alsousedin some solar and wind powered live-
stock water systems.

Diaphragm pumps are used extensively for low-rate
chemical injection. Changes in injection rates can be
made while the pump is running so accurate injection
can be more conveniently established.

Adiaphragm pumphasboth asuction stroke and adis-
chargestroke. Figure 8-48 showsthe strokeaction of
the diaphragm pump. The handle lifts the diaphragm,
creating a partial vacuum that closes the discharge
valve while allowing liquid to enter the pump chamber
via the suction valve. During the discharge stroke, the
diaphragmispushed downward andthe processisre-
versed. Hand operated pumps are designed to deliver
upto 30 gallons per minute atup to 15 feet, but actual
capacity is extremely dependent upon the physical
conditionofthedriver. Air,engine, and motor drive
unitsarealsoavailableandoffercapacitiesto130gal-
lons per minute. Both suction and discharge head vary
from 15to 25 feet.

Piston pumps—One typical application of piston
pumps is the mechanical windmill. Mechanical wind-
millshavebeenusedinthe United Statessincethe
1850s. In fact, mechanical windmills played an impor-
tantroleinthedevelopmentofthe GreatPlains. The
design have not changed much in 150 years. They are
stillused and are often an appropriate solution tosup-
plying a relatively small amount of water in a remote
area.
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Figure 8-48 Diaphragm pump primer, tomatofarmnear
e Sacramento, CA

Mechanical windmillsuse a PD piston pump tomove
water tothe surface. The piston pumpislocated inside
the windmill's drop pipe near the bottom of the well.
Water flows through the strainer and into the drop
pipe. Once waterisin the drop pipe, the two valves
work in tandem to force the water up. The top valve
iscalledthe plungerandthelowervalveiscalled the
check valve. A suckerrodisattached tothe plunger
andboth the suckerrod and the plunger are moved
up and down by the action of the windmill. Water can
only move upinthe drop pipe. Both the plunger and
thecheckvalvehaveaballthatcansealthevalve,
blockingthe water’sdownwardflow (fig. 8—49).

The suckerrod providesboth the upstroke and the
downstroke. On the upstroke, the plunger valve is
closed and the check valveisopen. The plunger moves
upinthedrop pipe, and water above the plungeris
pushed higher up the water column. This action, in
turns, creates a partial vacuum below the plunger,
whichliftsthe check valve’'sball seal and waterin the
wellflowsthrough the strainerandinto the drop pipe.

Onthedownstroke, theball sealin the plungeropens
andthecheckvalveball seal closes. The plunger can
then pass through the water in the drop pipe. During
the downstroke, there isnonew entry of water into
the drop pipe.

Thispumpingactionisrepeated asthe suckerrod
moves up and down.

Chemigation pumps—Chemigation is the applica-
tion of chemicals via an irrigation application system.
Chemigation can be accomplished using the positive
PD or by other means. Chemicals that are typically ap-
plied through chemigation include:
+ fertilizers

soil amendments (gypsum or sulfur)

herbicides

insecticides

fungicides

* nematicides
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Specificformsofchemigation are sometimescalled
fertigation, herbigation, or insectigation; however, the
most commonly used term that covers everything is
chemigation.

Chemigation is accomplished by injecting the chemical
into a flowing water supply. Most chemigation is ap-
plied by sprinkler systems (linear or center pivots) or
microirrigation systems. Soil amendments are typically
applied via surface irrigation systems.

Chemigation is not recommended if the existing distri-
bution uniformity of the irrigation system is not high.
Thesameproblemsthatarecausedbylowdistribution
uniformity for irrigation water will occur in a chemiga-
tion system, with potentially much higher costs.

Properly managed chemigation requires inject-

ing chemicals into the water in carefully measured
amounts. Since PD pumps can pump fluids in precise
amountsregardlessofthe pressureofthesystemthey
are typically used in chemigation systems. Distribu-
tionof wateronthefield during chemigation mustbe
uniform, carefully managed, and controlled.

Caremustbetakento preventbackflow of chemically
laden water into any water source. Backflow preven-
tiondevicesarerequired wherechemicalsareinjected
into any pressurized irrigation system. Water qual-

ity laws are strict concerning handling of chemicals
applied through irrigation systems. Only chemicals
labeled for chemigation (usually sprinkler system) ap-
plicationshouldbeused.

Threetypesofinjection units are used forchemiga-
tion. Thefirst twotypesof mechanical unitsareboth
PD type, piston pumps and diaphragm pumps. Both
canbe powered by belt drive or an electric or hydrau-
lic motor and can be adjusted for various flow rates
within a designed range.

Thethird type ofchemigationinjectionunitisthe ven-
turimeter. The venturimeterisatubewithareduced
diameter in the throat. Velocity changes in the throat
create a vacuum that pulls the chemical into the water
stream.

Figure 8-49 Windmillonrangeland northof Karney, NE, andinternal diagram of piston pump
——

Strainer
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Allthree pumpsare satisfactory forinjection of chemi-
cals. Each should be calibrated and set for the volume
of chemical to be injected and rechecked, periodically.
Diaphragm pumps are more popular because of ease
ofcalibration and maintenance and thelack of exter-
nal leaks (fig. 8-50).

Chemigation pumps should be selected so chemicals
can be applied at the appropriate rate. Injection pumps
are commonly purchased with two heads, one for
injection oflow applications, such asinsecticide and
herbicide, and the other one for injection of nitrogen
and other fertilizers. With proper plumbing, both heads
can be used simultaneously.

Piston pumps are typically used to inject nitrogen fer-
tilizer and usually cannot be easily adjusted to inject
appropriate quantities of insecticide, fungicide, and
herbicide. There are various size pistons and pump
armassembliesavailablethatcanbeusedtoinjectthe
correct amount of chemical and to accommodate the
desiredtravel speed of the center pivot.

Piston sizes one-quarter to five-eighths inch are more
appropriate for low-rate injection and sizes three-
quarter to one and a quarter inches for intermediate
and high chemical injection rates. Piston pumps are
stopped whenchanginginjectionrates, somoretime
may berequired tosetthe accuraterate (ascompared
to diaphragm pumps).

Figure 8-50 Diaphragm pump primer used for chemiga-
messsss———  tion on acenter pivot

Diaphragm pumps are used extensively for low rate
chemical injection. Changes in injection rates can be
made whilerunningso accurateinjectioncanbe more
conveniently established.

Some important characteristics and components of
chemigation pumps include:

* accuracy towithin+0.5percent

+ calibration tube (for calibrating chemical dos-
age)

* adjustablewhilerunning
* durable valve balls and seals

* agitation capability (for mixing and keep chemi-
cals in suspension)

* accessibility for repairs

(2) Rotary type positive displacement pumps
Rotary pumps transfer liquid from the suction to dis-
charge section of the pump through the action of rotat-
ing gears, lobes, vanes, screws, or similar mechanisms.
Like most positive displacement pumps, they can be
used topump smallbut precise amounts of fluid.

Ahelical pumpis aform of arotary type positive
displacement pump. This type of pump transfers fluid
bypushingthefluidthroughaseriesofsmall, discrete
cavities as its rotor is turned (fig. 8-51). Helical pumps
canbefound in some small scale solar- and wind-pow-
ered systems. If larger flows are required, centrifugal
pumps are typically used in these applications.
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623.0807 Pump drives

(@) General

Pump drives are used for two main purposes: to pro-
videthephysical drivecouplingbetween the motor/
engine and the pump, and to match the normal operat-
ing speedsofthe motor/engine and pump. Severalfac-
torsmustbeconsideredinselecting the pump drive,
including new installation or partial replacement,
efficiency, expected maintenance, availability of com-
ponents, and long-term versus short-term costs. Some
common types of drive mechanisms used in irrigation
pumping are: direct, belt, gear head, and power take-
off.

(b) Direct drive

Thedirectdriveisthe mostefficientand desirable
drive, as thereis little, or no, loss of power in the drive

Figure 8-51 Cross section of a helical pump
——

coupling. Thistypeof driveislimited tothose applica-
tions where the speed of the motor/engineis matched
to that of the pump. Variable frequency drives (VFD)
for electric motors that can change the speed of the
motor to match thatof the pump have made the direct
drive acommon option for electrically powered units.

Submersible pumps are usually built with the mo-
torand pump containedinasinglehousing with the
motorshaftandimpellershaftbeingoneinthe same.
Larger surface pumps, either vertical or horizontal,
canbe coupled to the motor with hard shaft couplings,
orflexible couplings. Flexible couplings allow some
misalignment between the motor and the pump. Direct
drive couplings are efficient, 95 to 100 percent, and
allow the pump and the motor toberelatively easily
decoupled for maintenance (figs. 8-52, and 8-53).

Figure 8-52 Examples of direct drive pumps
|

Conduit to
strarting box

~

<4— Electric motor

Discharge

Ground
surface _\ I L 1 I

Direct connected turbine pump
Electric motor

Direct connected centrifugal pump
Gasoline motor
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(c) Beltdrive

The flatbeltistheleast efficient of all the type of
drives (fig. 8-54). Its efficiency varies considerably,
usuallyfrom 80to 90 percent,depending uponslip-
page, typeof pulley and belt, pulley size, number of
idlers, and the twist used. Historically, the flat-belt was
employed to make use of a source of a power source
readilyavailableonthefarm,butitsusehasbeen
essentially phased out. Farm tractors and stationary
internal combustion engines, either gas or diesel, were
often used as a source of power using a flat-belt drive.

TheV-beltdriveismoredependableandhasahigher
efficiency than the flat-belt drive (figs. 8-55 and 8-56).
When properly installed, V-belt drive efficiencies range
from 90 percent to 95 percent. Itis also possible to
speed up or slow down the pump speed for a given
motor speed for optimum operation by choosing the
correctratioof sheave diameters. Inno case should
the pump sheave be smaller than 3 inches in diameter.
Generally speaking, larger sheave diameters promote
longer belt and bearing life but maximum belt speed
shouldnotexceed 6,500feet per minute. Ifbeltlengths
exceed 158 inches, machine-matched belts must be
purchased. Minimum wrap angles (contact between
belt and sheave) to prevent overtensioning and belt
slippage must be carefully observed. Increasing the
distance between the motor and the pump or installing
idler pulleys may be necessary to achieve minimum
wrap angle.

Figure 853 Direct drive pump with gasoline engine

Theinformation givenonsheavesize,beltsize and
length, number of belts, and belt tensioning are for
informational and advisory purposes only. Conformity
doesnotensurecompliance with applicable ordi-
nances, laws, and regulations. Manufacturers should
be consulted for recommended sizes and speeds of
their equipment. Prospective users are responsible
for protecting themselves against liability arising from
deviation from manufacturer’s design specifications.

Figure 8-54 Examples offlatbelt drives
——

Centrifugal pump ——1

withflat-belt drive

=

T=L

Turbine pump with flat-belt head
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Always use at least a two-groove minimum sheave
on7.5-upto24-horsepower motors. On 25-through
60-horsepower motors, itis advised touse a 3-groove
minimum sheave; and, on larger than 60 horsepower,
usea4-groove minimum sheave. Avoidspeedup drives
with ratios greater than 1.6, which can be very difficult
to maintain.

The design belt horsepower requirement is typically
obtained by multiplying thenominal beltrating by a
service factor to accommodate shock or cyclic loads

Figure 8-55 Examples of V-belt drives

Centrifugal pump with V-belt drive

Turbine pump with V-belt hed

to be experienced by the belt. Avoid excessive service
factors. A 1.5 service factoris adequate for all normal
electricmotor-driven pumps, and servicefactorsover
3.0can cause drive component wear problems due to
extra stresses resulting from higher tension.

Propertensioning of the beltsiscritical to their effi-
ciency andlongevity. Retensionthebeltstothemanu-
facturer’s specificationsif any of the following condi-
tionsexist:ifthebelts squeal at startup, ifthey donot
have a slight bow on the slack side, orif the sheaves
run excessively hot.

Adjustablepitch sheavesshouldbeavoidedfordrives
over25horsepowerastheyareusuallynotacceptable.
They are not precise and the nonuniform groove spac-
ingcreatesatugging actionbetweenthe motorand
pump as the sheave rotates, resulting in severe vibra-
tions and likely shorter bearing life.

The normal running life of a V-belt is about 24,000
hours, or 3yearscontinuousoperationifapplied and
used properly. Under proper conditions, belts canbe
stored for up to 8 years with no effect on performance.
Thismeansthatthebelt shouldbe protected from
moisture, temperature extremes, direct sunlight, and
high ozonelevels. An occasional spatter of grease or
oildoesnotusually have anegative effect on stan-
dardbelts, but alarge amount will cause a belt to slip.

Figure 8-56 Turbine pump with V-belt drive south of
s  Crowley, LA

g s
ey of "_—-4$r—t-—-» .

——

Hiw TS

ii‘ :

(210-VI-NEH, Amend. 78, January 2016) 8-59



Chapter 8 Irrigation Pumping Plants Part 623
National Engineering Handbook

Extensive exposure to oil can also cause the rubber Figure 857 Examplesofright-angle gear-head drives
to swell and break down the adhesion between belt
components.

The normal temperature range of V-belts is from —30
to 140 degrees Fahrenheit. For every 36 degrees Fahr-
enheit increase in ambient temperature during opera-
tion, the life of the V-beltis cutin half, and for every 2
degrees Fahrenheit increases in ambient temperature.
Thereisaldegree Fahrenheitincreaseinthebelt’s
internal running temperature. Therefore, each 18
degrees Fahrenheit increase in belt internal running
temperature cuts the belt life in half.

(d) Gear head drive

Two types of gear heads are generally available, in-
cluding parallel-shaft and right-angle gearheads. T
Eitherofthetypesiswell suited for pump drive appli-
cations, depending on the particular installation. The
gearheadisused tomatchthenormaloperating speed
ofthe drive motor/engine to the design pump speed,
normally speed reduction.

Gearheadscanhave an efficiency of 95 percent or
more, and awidevariety of sizes and mountings are Turbine-type irriation pump with gear head
available. Gear head drives require much less main- connected to a power unit with a shaft and
tenance than belt drives. Although gear heads cost double universal joint

initially more than belt drives, the long-term cost will
likelybelessduetothe reduced maintenance andbet-
ter immunity to varying weather and temperature con-
ditions. Maintaining adequate lubrication fluidin the
gear head and regular changes of lubrication fluid are
the principal items of maintenance. However, exces-
sive vibration, overspeed, and overtorque will reduce
the lifespan as well.

V-belt

Turbine-pump gear head
with V-belt drive pulley

The gear head is normally mounted directly to either
the drive source or the pump, and then a flexible cou-
plingisusedtoallowforany misalignment (fig. 8—57).
Itisalso possible touse a combination of the gear
head and V-belt drives if the installation so requires.

(e) Magnetic drive
The magnetic drive is a relatively new development

consistingofrareearthmagnetsattachedtotheload,a
copperrotorassembly attached tothe powerunit,and
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an actuator that controls the air gap between them.
Torque is transmitted through the drive in proportion
to the air gap and, thereby, allowing adjustable speed
that is controllable.

Relative motion between the magnet and copper disks
createselectrical eddy currentsinthecopperdisks.
These currents create their own magnetic fields, which
in turn interact with the magnetic fields of the perma-
nent magnets to transmit torque. Adjusting the dis-
tancebetweenthemagnetandcopperdisksvariesthe
amount of torque transmitted.

The magneticdrivecanbeused with eitherelectric
motorsorgas/dieselengines, and allows for soft starts,
speed control, and overload protection. It can be used
in cases where speed reductionis desired, and it does
notinduce harmonics on the power grid, something of
concern for othernoise sensitive electronicequipment
hooked tothe same powerline. Although these drives
canapproach 100percentefficiency atfull speed, they
dorequire control power for the actuator, soinirriga-
tion pump sites where electrical powerisnot avail-
able, a generatoris necessary to power thiscontrol.
Figure 8-58 shows a magnetic drive in use.

Figure 8-58 Vertical magneticdrive, A & Birrigation proj-
s cct near Rupert, ID

(f) Power takeoff

Thepowertakeoffisnormally associated with afarm-
type tractor and a relatively small centrifugal pump
either directly mounted or trailer mounted (fig. 8-59).
Thistypeof pumpisusedalotinanimal waste ap-
plication (fig. 8-60) and not so much with irrigation.
The standard power-takeoff speed is approximately
540 or 1,000 revolutions per minute, while irrigation
pumpsnormallyoperateatthreetofourtimesthis
speed, making it necessary to use some type of speed
increaser between the tractor power-takeoff shaft and
the pump impeller shaft. The desired increase in speed
isusuallyobtained throughtheuseofagearhead, a
V-beltsystem, orboth.

The power takeoff efficiency can be ashigh as 100
percent, as it is a variation of direct coupling. Misalign-
ment of the power source and the load reduce the cou-
pling efficiency proportionally and create variations in
speed, vibration, and universal joint wear.
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Figure 8-59 Examples of power-takeoff drives

Trailer-mounted PTO-driven pump

Drawbar-mounted PTO-driven pump ] :
with spur-gear type speed increaser

with bevel-gear type speed increaser

Figure 8-60 PTO pumpinamanure pitin Livingston
messsss——  County, 1L

[ ad

Trailer-mounted PTO-driven pump
with bevel-gear type speed increaser
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623.0808 Power for pumping

(@) General

Most irrigation pumps are powered by either electric
motors or internal combustion engines. The source of
power thatisbest suited for a specificinstallation
depends on certain physical, environmental, and cost
factors. The power unit selection should be made after
considering:

* amountofpowerrequiredforpumping
* hoursofoperation per season

* availability, dependability, and cost of energy or
fuel

* depreciation
* portability desired in pumping setup

* possibility of using the power unit for otherjobs
during the non-irrigating season

* labor and technical requirements and need for
convenience of operation

* cold-weather operation

* original investment and discount rate

Matching the engine/motor horsepower to the require-
mentsofthe pumpisimportant. Mostelectric motors
overone horsepower can operate efficiently between a
full and half-load. However, below half-load, efficiency
decreases rapidly. Manufacturer’s efficiency curves
should be usedin selecting design points for operation
of internal combustion engines. Previously used power
units shouldbecarefully checked and evaluated asto
condition, expected life, available horsepower, and
speed. The continued use of an older power unit that
isin fair to poor condition may only have an efficiency
of 50 percent or less. In this case, the overall cost
(capital investment, operation, and maintenance) of
using an old misfit power unit canbe more costly than
the most expensive new unit fitted to the job.

(b) Electric motors

Anelectricmotor, properly selected and protected,
can be expected to supply many years of trouble free
power if properly designed and operated, including
correct mounting, rodent protection, good ventilation,
adequate shelter from the elements, and safety devices
against overloading, undervoltage, and excessive heat-
ing. Advantages of the electric power are relatively
long life of the motor, low maintenance costs, depend-
ability, and ease of operation. An electric motor also
will deliver full power throughoutitslife and can be
operated fromnoloadtofullload without damage.

A majordisadvantage of the electric motoristhe pos-
siblelack of availability of powerin the area where the
motoristo be located. Smaller electric motors, up to
approximately 10 horsepower canoperateon 120 to
240 volts, single phase, and 60-Hertz, power, but the
larger motors, will probably require 230 to 460 volts,
3-phase, 60-Hertz power. Depending on the location
and the power company, installation of power lines

to the pumping site could cost as much as $5,000 to
$50,000 per mile as of 2006. Although the initial instal-
lationcosts maybehigh, thisenergy source may still
bethe most cost-effective option over time depending
on the availability and cost of alternative fuels, higher
expected maintenance costs and shorter life expectan-
cyforinternal combustion engines, and theexpected
number of pumping hours per year.

Electric motors are available in a number of National
Electrical Manufacturers Association (NEMA) frame
sizesandtypesofenclosures. The NEMA framesize
refers to the motors mechanical characteristics such
as mounting type and shaft size. The enclosure type
refers to the body of the motor and the type of envi-
ronmentthatthe motoristobeusedin. Typically used
inpumping applications are the open drip proof (ODP)
motor, the totally enclosed nonventilated (TENV)
motor, and the totally enclosed fan cooled (TEFC)
motor. The ODP motor would need to be located in
anenclosure orbuilding to keep it protected from the
weather and rodents, but is typically the smallest in
size and mosteconomical. The TENV motorshaveno
vent openings and are typically located outside, rely-
ing on convection for cooling. The TEFC motors are
essentially the same as the TENV motors, except that
thereis a fan to provide cooling by blowing air across
the motor enclosure.
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Electric motors are available in either vertical or
horizontal configurations; normal, high, and premium
efficiency; and inverter-duty ratings. Electric motors
should be matched to the pumping application. Elec-
tric motors operate at relatively constant efficiency
and r/minunder a wide range of loads, but the motor
efficiency decreases substantially for motor loads less
than50percentoftheratedhorsepower. Large motors
tend tobe more efficient than smaller motors. Motor
efficiency does not change substantially with age.

Althoughthe premium efficiency motorsareonly 2to
5percentmoreefficientthanthestandard, thecost
savings in energy over time will normally overcome
the difference in price. Inverter duty motors should
be used in conjunction with variable-frequency drive
(VFD) speed controllers as the windings and insula-
tionare designed toaccommodate the added stress
causedby pulse width modulation (PWM) type speed
controllers. Electric motors are generally available in
1,200 revolutions per minute (6 pole), 1,800 revolu-
tions per minute (4 pole),and 3,600 revolutions per
minute (2 pole).

Vertical hollow-shaft motors are available for deep-
well turbine pumps. These motors are equipped with
a top cap to facilitate impeller adjustments. A nonre-
versingcouplingtothe pumpisrecommended when
the pump has water lubricated bearings that might
bedamagediftheshaft wereturningwithnowater
surrounding the bearings. This condition occurs when
themotorisstopped andtheremainingwaterinthe
system drains backwards through the pump into the
well, causingthe pump and motortoturninreverse,
possibly at high speed.

Thebhp of electric motorsisrated at 100 percent
continuous operation, and the calculated bhyp for

a given jobis the size of the motor needed. Motors
draw power in proportion to theload. If the applied
loadismorethantherated horsepower, the motor
willdraw more horsepower thanitsrated power. The
maximumoverload amotorcantolerateisexpressed
by the service factor. Electric motors typically have a
servicefactor,asindicated onthenameplate,inthe
rangefrom 1.0to 1.2. The servicefactorisessentially a
safety factor andindicates how much the motor capac-
ity can be exceeded for short periods of time without
overheating. It is normally based upon air temperature
at 70 degrees Fahrenheit, standard voltage, and a free
flow of air around the motor. Therefore, the added

horsepower provided by the service factor should not
beusedtoarrive ata motorrating. Most service fac-
tors are 1.15, meaning that the motor can tolerate a 15
percentoverload. The actual overload canbe calcu-
lated by equation 8-9:

Percentoverload= (IHP x Em x 100)

(nameplate horsepower) (eq.8-9)

where:

IHP= input horsepower (measured from a pump
test)

Em= motorefficiency (decimal)

The power output of an electric motor islimited by the
temperature at which the machine can operate with-
out damage toits insulation. The manufacturer's rating
of an electric motor in horsepower is based on this
concept. Since there are many variables that affect the
operating temperature of a motor, the manufacturer
determines the rating based on certain standard condi-
tions. Electric motor ratings are fairly well standard-
ized, regardless of manufacturer, so that comparisons
canbemade. Thefollowing standard conditionsare
assumed:

* The ambient (surrounding or cooling air) temper-
ature will not exceed 104 degrees Fahrenheit.

The altitude willnot exceed 3,300feet above sea
level. Decreaseinairdensity willreduce motor
cooling.

Therewillbenorestrictionofventilation.

Also of importance, the nameplate (rated) voltage will
besupplied, and there willbe an allowableincrease

in temperature above ambient during operation (tem-
perature rise).

Ifthemotoralwaysoperatesatatemperaturebelow
the safe limiting temperature, maximum expected
motorlifecanbe assured. Normally, an electric mo-
tor can be expected tolast 5to 10 years in continu-
ous operation. Therefore, with only limited pumping
over a 6-month season, expect a motor life of 20 years
ormore. However, forevery 18degrees Fahrenheit
temperature rise above the safe limiting temperature,
the expected life of the motor is reduced by one half.
Thisisalsoalinearrelationship with time. Foramotor
that operates under varying conditions, such that it
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operates for a portion of the time at 36 degrees above
the safe limiting temperature, the expected life will be
reduced 4 hours for every hour of operation, and at

54 degrees Fahrenheit above the temperature limit, 8
hourswith every hourofoperation.

Since the motor inherently produces considerable
heat, these factors should be considered in design of a
pumping station:

* Anyrestrictionintheairflowthroughoraround
the motor would increase its temperature rap-
idly. Be sure vent openings are clean, free from
dirt and grease, and screened with the manufac-
turer’s recommended hardware cloth.

+ Protect field installations, both motor and con-
trolpanel, fromdirectradiationofthe sun, but
donotrestrictthecirculationoftheair. Radia-
tionfromthesunaddsconsiderableheatand
increases the operating temperature of a motor.
Thiscanbedonewith awell-designed sunshade
(fig. 8-61).

Low voltage will cause the motor to draw more
current in order to maintain output power. The
increase in current will cause the temperature
ofthe motor to increase. At 90 percent of rated
voltage, the temperature will increase 11 to 13

degrees Fahrenheit. If the motor is overloaded, it

willrequire more current and more heat willbe
produced.

(1) Electricmotor efficiency

Electrical energy, when available, is usually the most
efficient means of powering irrigation pumps. Mo-
tor efficiency, the ratio of motor mechanical output
power to motor electrical input power, is an impor-
tantconsiderationinpump economics. Efficiencyis
expressed as a percent (95 %), oras a decimal (0.95).
Motor efficiency is reduced due to a combination of
factors. Under zeroloads, efficiency losses are due to
bearingfriction and conductorlosses. When aload is
placed onthe motor, additional efficiency losses are
duetoincreasedcurrentandtostray-loadloss. Motor
type has an effect on motor efficiency. A fan-cooled
motortypically hasalower efficiency than anopen

drip-proof (ODP) motor due to the power necessary to

drivethecoolingfan.

(210-VI-NEH, Amend. 78, January 2016)

Figure 8-62 shows the effect on motor efficiency due
tooperationatloadslessthanthefullratedload.
Large motors will exhibit nearly constant efficiency
between 60 and 100 percent offullload and rapidly
loose efficiency of operation at loads below about 40
percent of full, or name-plate, load. Significant under-
loading of an electric motor resultsin higher power
costsrelative to a properly sized motor, but does not
resultindamage tothe motor. Anoverloaded motor
generates heat that, if excessive, can damage motor
windings and bearings, decreasing motor life. The de-
cision to oversize an electric motor to meet expected
needs of future expansion should be economically
evaluated against the option to either install separate
pumps and motors when and if they are needed or to
exchangethesmallerpump and motorforalargerunit
when andifitisneeded.

Figure 861 Pumpand pump shade near Othello, WA
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Current legislation involving motor efficiencies should
beconsulted when selecting electric motors. Effective
December 19,2010, new pump motorsfrom 1to 500
horsepowerthatoperateonthree-phase ACpowerare
required to meet minimum full-load efficiency stan-
dards established under the Energy Independence and
Security Actof2007 (EISA). EISAisanextensionof
the Energy Policy Act of 1992 (EPAct), which previ-
ouslyexcluded pump motorsfrom minimum efficiency
requirements.

The National Electrical Manufacturers Association
(NEMA) sets minimum efficiency standards for elec-
tric motors and classifies them as standard efficiency
(SE), high efficient (HE), or as NEMA premium effi-
ciency (NEMA Premium®). Under EISA, motors man-
ufactured or imported after December 19, 2010, are
required to meet minimum efficiency NEMA standards
for HEmotors. NEMA Premium motorsexceed those
standards. EISA minimum efficiencies do not apply to

submersible motors. The saleandrepair of SE motors
manufactured or imported prior to that date continue
to be permitted. More information about the NEMA
Premium™ efficiency electric motor program and effi-
cienciescanbefound at NEMA sources. Appendix 8D
contains further information on motor efficiencies.

Servicefactorisamultiplier thatcanbeappliedtothe
continuous operating horsepower rating to meet the
requirements of infrequent, short-duration overloads
(pumpstartup). The servicefactorshouldneverbe
used for continuous operation. Service factor require-
ments for NEMA rated motors vary with horsepower,
speed of rotation, and frame type. NEMA standards
require the motorrating tobe displayed onthe motor
identificationplateifthe servicefactorexceeds1.0.

Motor efficiency varies with motor speed. For pumps
in the field, motor speed can be found on the motor
nameplate. Three-phase synchronous motor rotation is

Figure 862 Part-load motorefficiencyrange (source: U.S. Dept. of Energy: Buying an Energy Efficient Motor, DOE/GO—

s 10096-314, Motor Challenge Program, USA, 2002)
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related totheline frequency and the number of poles
perphase. Thenumberofpolesisalwaysaneven
number (poles are in pairs). In the United States, line
frequency is 60 Hertz. The synchronous speed (no-load
motorspeed) canbe determined from equation 8—10:

o_120f
n (eq. 8-10)
where:
S = noload motor speedinr/min
f = AClinefrequencyincycles per second (or
Hz) =60 (for United States)
n = numberofpolesperphase

Duetoslippage, fullload speeds arelessthan theno-
load (synchronous) speed. No-load and typicalfull-
load motorspeedsare givenintable 8—2. Thistable
relatesthe number of motor polestorotational speed
and canbe used with tables from appendix 8D to de-
termine the minimum efficiency of an EISA motor.

(c) Electric motor controls

Note: Information on electric motor controls is for
reference only. Electrical equipment, including wire,
safety switches, breakers and fuses, motor starters,
lightning arrestors, and grounding apparatus should
be selected and installed by a qualified electrician and
conform to all local, State, and national standards.

Table 82 Motor speed for electric motors operating on
e 60-Hz electricity

Numberofpoles Speed (r/min)
Synchronous Full Load
2 3600 3500
4 1800 1770
6 1200 1170
8 900 870
10 720 690
12 600 575
14 515 490

Note: Pump performance curves normally display the synchronous
speed rather than the speed under load.

There are several choices to be made on the equip-
mentnecessary tostartthe electricpump motor, de-
pendingonthe motortype, size,and desired features.
Starting an electric motor quickly will often cause
other concerns, such as cavitation, water hammer, and
violentvibrationsduetothe purgingofairfromthe
system. Some of these problems canbe eliminated by
the use of purge valves, flow control valves, and other
mechanical devices, but one of the best ways of over-
coming thisisto use either a soft start controller or a
VFD. These devices allow the operator to set the accel-
eration time for the motor toramp up to full speed.

Afused disconnect or circuit breaker, sized to the
horsepower and voltage for the motorin use, is an es-
sential component. Smaller motors, either single-phase
orthree-phase, canbe started by the use of a simple
manual starter switch that is rated for the correct full
load amps (FLA). The larger motors, usually three-
phase, willrequire either a magneticcontactorora
VFED tostart the motor. Ifa magneticcontactorisused,
it should also have the correct size of fused links for
themotor FLA, foradded safety fromovercurrentand
overheating. The circuit breaker or fuses that provide
power tothemotorareusually muchlargerthanthe
fusedlinksbecauseit takes much more power to start
themotorthanfornormaloperating speed. Thecircuit
breakers must be large enough for the startup current
and still protect against catastrophic shorts, while the
fused links act like time-delay fuses; the startup cur-
rent exceeds theirrating only for a second, which is
notenoughtimetotrip them. Motorcurrentsinexcess
ofthefused link rating for several seconds will cause
them totrip, but not trip the main powerbreaker.

The wire size or gage to the pump motor and controls
1s an integral part of the system. Wire lengths, volt-
ages,and currents areallconsideredinchoosinga
size and material in providing electrical power to start
and operate the pump motor efficiently. The National
Electrical Coderecommendsthatthevoltagedropin
the combined feeder and branch circuit do not exceed
5 percent. The basic formula for calculating voltage
drop is provided in equation 8-11:

(2xLxRxI)

VD= (eq. 8-11)
1,000
where:
VD = voltagedrop (based onconductor tempera-
ture of 75°C)
L = one-waylengthofcircuit,ft
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R = conductor resistance in ohms/1,000 ft
I load current, amps

Note: Forathree-phasecircuit (at 100% power factor)
thevoltage drop between any two-phase conductorsis
0.866 times the voltage drop calculated by this for-
mula.

The pumping system capability must be designed to
safelyhandlethe maximum expectedflowrateatthe
desired pressure. However, there are many advantages
torunningapump atpartialspeed, aspumpsmaynot
need tooperate atfull capacity of the pump to satisfy
the demand on many occasions. When the water flow
isreducedbyavalve, the pump pressureincreases (if
the pump is rotodynamic) and often pressure-limiting
valvesmustbeinstalledtoreducethe water pres-
suretousablelevels. Thisexcesspressureisenergy
wasted, and a better alternative is to reduce the pump
speed.

VFDssolvemanyofthe problems associated with
startup and control of three-phase electric motors.
They allow the userto programinan acceleration
time, decelerationtime, orboth; programthe motor
speed; monitor the motor current; and ahost of other
options. They canutilize feedback from pressure or
flow sensors to adjust the speed of the motor to op-
timize system pressure even though the water in the
wellchangeselevationorthe systemisoperatingona
hillside where the required pumping pressure changes.
VFDsalsoallowtheusertorunthesystem autono-
mously with the runtime based on a time clock, soil
moisture sensors, orotherdevices. Theusercanstart,
stop, and monitor the system remotely from a com-
puter located at home or office.

Warning: Remote or autonomous operation of a
system of this type could cause personal injury or even
death if the system started unexpectedly while it was
being serviced, orif an unknown person wasin the
path of a traveling system.

(1) DC power, AC power, single-phase AC
power, and three-phase AC power
Directcurrent (DC)iswidelyusedinautomotive,
telecommunications, and industrial applications, but
rarely used for a pumping application (excepting solar

powered pumping. With DC power, the voltage re-
mainsconstant with respect tocommon (ground), and
current flow isinone direction only.Itis typically used
inonlyshorterapplications, upto700feet.

Alternating current (AC) is the most common type of
power used in residential, commercial, and industrial
applications. ACpowercanbetransferred over wires
many milesinlength, andthevoltagecanbeeasily
steppedup or down using transformers. AC powerin
the United States operates such that the voltage goes
from the maximum positive value to the maximum
negative value, in a sinusoidal fashion at 60 Hertz.
ACcurrentalsooscillatesatthe samerate (60 Hz)
asthevoltage,butnotnecessarily attheexact same
time, depending on the resistance, capacitance, and
inductance of the load. When measuring the voltage
orcurrentofan AC circuit with acommon voltmeter
orammeter, only the root mean square (RMS) value of
thevoltageorcurrentismeasuredinstead ofthe peak
valueofthe sinewave. Common RMSvaluesfor AC
voltages are 115 and 230 volts for residential and 115,
230, and 460 volts for commercial and industrial. It

1s important to note that electrical transmission lines
are at a much higher voltage, sometimes over 100,000
volts, anditis stepped downby transformers sothat
itis safer for the consumer touse. Power utilities

use these high voltagelevelstoreduce the amount of
energylosttoheatin movingthe electrical power over
long distances.

Single-phase AC power usually consists of 230 volts
RMS andfourwires:line 1(LL1),line 2 (L2), neutral,
and earth ground. Single-phase AC motors are usually
used on smaller pumping applications, from fractional
horsepower up toabout 10 horsepower, and where
variable speed controlisnotnecessary.

Three-phase AC power usually consists of either 230
or460voltsRMS and 5wires; L1,1L.2,line 3(L3), neu-
tral, and earth ground. In the larger horsepower mo-
tors, the 460-volt systemis more economical because
the current, along with the switchgear and wire, only
needstobehalfaslarge asthe 230-volt system for the
same size motor. Three-phase AC motors are readily
availablein sizes from fractional to 200 horsepower or
more, are easily reversible, and are easily adapted to
soft-start circuits or variable-frequency drives.
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(2) Conversion of single-phase to three-phase
power

Sometimes three-phase power is simply not available
tothe pump location, or the addition of the third phase
is cost prohibitive. Generally, there are three methods
of converting single-phase electrical power to three-
phase power for pump motoroperations: staticphase
converters, rotary phase converters, and VFDs.

The static phase converter (fig. 8-63) typically consists
of a set of capacitors matched to the motor size and
creates a phantom phase to start the three-phase mo-
tor, then drops out during normal motor running. This
scenariogivesthe motorfull powertostartup, but
givesonly 70 to 80 percent of the rated horsepower af-
ter the motor gets up to speed. It normally works only
on motors that are wye-wound (as opposed to delta-
wound) motors. The static phase converter is initially
the most economical among the three methods de-
scribed above, but may not be the most cost-effective
method because of the low motor efficiency. The use
ofastaticphaseconverter maycause motoroverheat-
ing during extended full-load operations.

Therotary phase converter (fig. 8—64) consistsofan
additional three-phase induction motor slightly larger
thanthe pump motor, plus some additional compo-
nents The three-phase induction motor is started on
the single-phase power through a capacitor configura-
tion similartothatofthestaticphaseconverter,and

thenrunsatfull speed ontwoofitsthree windings.
The third winding then generates the third phase

of power tofeed the pump motor. The rotary phase
converterdoesprovidefull startup and fullrun power
tothe pump. Theinitial cost of the rotary converteris
higher than that of the static converter, but provides
fullbalanced power to the pump motor and works
withboth deltaand wye-type motors. The efficiency
oftherotary converterissimilartothatofthestatic
converter but may be more cost effective over time be-
cause the expected lifetime is longer and maintenance
1s less than that of the static-converter-based system.
Therequired spaceissomewhatlargerbecause ofthe
idler motorthat mustbe protected from the weather.

Somevariationsonthesetypesofphaseconverters
arethatthey consistofelectroniccircuits, specially
wound motors, orboth that allow thelargerhorse-
power motors to run from single-phase power at much
higher torque and efficiency than the older standard
types.

The VFD can alsobe animportant partofaphase
conversion system, as well as pump speed control.
Advancesin VFD technology,as well asprice declines,
have madethe VFD a preferred choicein phase con-
version. Because the VFD converts the incoming AC
powerinto DC and then sends this power to the pump

Figure8-63 Static-phaseconvertercenter-pivotirrigation
s system near Ellensburg, WA
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Figure8-64 Rotary-phaseconvertercenter-pivotirriga-
s tion system near Twin Falls, ID
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in pulses, in three true phases, which are proportional
tospeedinboth frequency and voltage, the overall
efficiencyofthesystem, especially atloweroperating
speeds, is dramatically improved. The power to the
pump motorisnotatruesinusoidal waveform aswith
theincoming power or other types of phase convert-
ers,butisabipolar DCvoltage thatisturnedonand

off with varying times (pulse width modulated) that es-

sentially providesthe same motioninthe motorasthe
ACpowerwould. When using a VFD for phase conver-
sion,itisimportanttonote thatthe size of the VFD
mustbeincreased by a factor of one-third over the
FLA of the pump motor. Thisis needed to provide the
required electrical current to each of the motor’sthree
inputs at rated maximum horsepower from two wires
connected to the original power source.

The VFD eliminates the need for magnetic contac-

tors and motor-overload protectors, and provides

for programmable running speed, acceleration and
deceleration times, and remote control operation.
VFDscaninduceharmonicsinthe supply powergrid
caused by the pulse-width modulation (PWM) regulat-
ing technique that they generally use. The frequency
ofthisharmonicis dependent onthe frequency of

the VFD’s programmable carrier signal and may or
maynotcauseproblemswithothernoise sensitive
electrical equipment in the vicinity, such as comput-
ers, communications equipment, and other electronic
devices. Therearelinereactorsavailabletohelpifthis
phenomenonisaproblem. VFDscanalsocausean
audible noise that comes from the frame of the motor,
dependingonthecarrierfrequencyofthe VFD and the
natural frequency of the motor housing and mounting.
Ifsevere, the noise canbe a nuisance, and over time
cancausedeteriorationof the motor windingsand
laminations.

With the VFD, the operating range of motor speed
should still be selected as close as possible to that
oftheideal pump speed. Operating enclosed motors
at substantially slower speeds than rated (20-40%),
will result in motor overheating and a shortened life
span. Auxiliary cooling and ventilation may be neces-
saryformotorsoperatedby VFDsoperatingatthese
slower speeds. An electric motor controlled by a VFD
may still require a mechanical speed-reduction drive
system between the motor and the pumpifamatch
between the rated motor speed and the pump speedis
not possible.

When using any of the methods of phase conversion,
all electrical control equipmentneeds tobelocatedin
aprotected building or enclosure to protect it from the
rain, direct sunlight, and rodents, while maintaining
adequate ventilation (possibly even air conditioning).

(d) Internal combustion engines

Thereareanumberoffactorsinselectinganinternal
combustion engine for a pumping application, includ-
ing portable or stationary, air cooled or water cooled,
fuel type, speed, size, efficiency, emissions, mainte-
nance costs, expected life, and initial cost.

Manufacturers have developed performance curves for
their engines. These curves show horsepower rating
atvarious speeds and are used as abasisfor engine
selection. When the engine manufacturer conducts
testtodeterminethehorsepowerratingofanengine, a
procedure standardized by the Society of Automotive
Engineers (SAE) is used to allow the comparison of
the horsepower curvesofthe various sizes and makes
ofengines. Thetestisrununderlaboratorycondi-
tionswithastripped engine, and the powerdelivered
attheflywheelis determined by meansofade Prony
brake or dynamometer. In stripping the engine for the
test, accessories and equipment, such ascoolingfans,
generators, air cleaners, and mufflers are removed.
Theengineisthenconnectedtothe dynamometer
and run under ideal conditions with the dynamometer
recording the horsepower output at various operating
speeds. The horsepower, as determined by the dyna-
mometer for various operating speeds, is then plotted
inthe form of a curve which the manufacturer may
label either bhp or dynamometer horsepower, which
are equivalent terms (fig. 8-65).

Sincethehorsepoweroutputasdeterminedby the
manufacturer’s test is for laboratory conditions with
astrippedengine,thiscurvedoesnotrepresent
thehorsepoweroutputofthatengine with power-
consuming accessories such as fans, generators, and
water pumps. These accessories mayconsume as
much as 10 percent of the horsepower output of the
engine. The dynamometer horsepower curve must be
corrected to reflect the power loss caused by the use
of accessories. Because of the characteristics of the
internal combustion engine, it is necessary to further
correct the horsepower curve to compensate for the
continuous loading that is required in irrigation pump-

8-70 (210-VI-NEH, Amend. 78, January 2016)



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

ing. The effect of continuousloading will decrease the
bhp another 15 to 20 percent. Because altitude and air
temperature affect horsepower output and laboratory
testsarebasedonsealeveland 60degrees Fahrenheit
temperature, make corrections for most irrigation
pumping installations. General rules for elevation and
temperature corrections are to reduce the continuous
load rating 3 percent forevery 1,000 feet above sea
leveland anadditional 1 percentforevery 10degrees
Fahrenheit above 60 degrees Fahrenheit.

The best operating load for an internal combustion
engineisatornearthecontinuousbhpcurve. Running
an engine under lighter loads usually results in poor
fuel economy for the water pumped, because a propor-
tionallylarger amount ofhorsepowerisusedinover-
coming engine friction and throttling losses. Running

Figure 8-65 Horsepower output of an internal combus-
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at wide-open throttle invites engine trouble as well as
excessivefuelconsumption. Themainobjectinirriga-
tion pumpingistopump as much water as possible for
the fuel used. Therefore, operating the engine near its
highest possibleload on an economy fuel mixtureis
thebest way to accomplish this objective.

Irrigation pumping plants operate for long periods
without supervision. Therefore, safety controls should
alwaysbeinstalled toprotecttheengineand pump.
Thepowerunitshouldhaveoil pressure and water
temperature ignition cutoff switches that automati-
cally shut the engine offif the oil pressure drops or
the coolant temperature becomes excessive. A pump-
water pressure switch should alsobe used to protect
againstlossof primeor a drop inthe discharge pres-
sure. Many manufacturers offer governors or over-
speed cutout switchestolimittheenginer/minorshut
the engine off in case of a sudden drop in load.

Liquid-cooled engines canbe cooled by eitherara-
diatororaheatexchanger.Theheatexchangercan
recover up to 8 percent more horsepower than the
radiatorbecauseitdoesnotrequirethe enginetoruna
fan to pull air through the radiator. The heat exchanger
needs to be sized to the engine for adequate cooling
evenonthehottest days, butnotsolargethatthe
engineovercoolsandformsexcessiveinternalsludge.
The manufacturer’s recommendation on engine tem-
perature should be followed closely to prevent prob-
lems from overheating or underheating, and a properly
ratedcoolantthermostatbeusedtoregulate coolant
temperature.

Internal combustion engines can be designed to run
onone or several types of fuels. Fuel chosen will
probably be determined by availability and cost at any
one location. Liquid petroleum gas (LPG) and natural
gas are very similar fuels except that natural gas has
slightly lower energy content. Natural gas would be
piped directly to the engine, while LPG installations
require high-pressure storage tanks and periodic
refilling. Gasoline and diesel engines are quite com-
mon, andbothrequirefuel storagetanksandperiodic
refilling. Diesel engines generally cost more initially,
but the maintenance costs are normally less and the
expected lifetime normally longer. During frigid winter
weather, some difficulties may be encountered with
dieselasafuel;however,veryfewirrigationsystems
are operated in the winter. Fuel price volatility, fuel
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availability, and personal preference all influence the
type of fuel source chosen.

Both the LPG and natural gas engines normally have
lower exhaust emissions than gasoline or the diesel
engines. Because the fuel is pressurized, they require
automaticfuel shutoffvalvesincasetheengine should
stop running unexpectedly or due tofailure. All of

the internal combustion engines will require periodic
inspectionand maintenance tokeepthemingoodand
efficient operational condition.

(1) Resonant speed

Onengine drive systems, itisnot uncommon for one
or more resonant speeds to exist between zeror/min
and the operating speed; these are the natural frequen-
ciesofthesystem. Continued operationataresonant
speed will result in torsional vibrations that can be
damagingtoall componentsofthe system. The most
common indication of torsional vibrations is an unusu-
alrumblingorclattering noise fromthegeardriveata
sharply defined speed. Transition through a resonant
speedrangetooperating speedisnotnormally dam-
aging butoperation close to aresonant speed should
be avoided. Toavoid operation at aresonant speed, it
maybenecessarytochangetheelasticcharacteristics
of the rotating components, install a flexible coupling,
orchange the speed of the engine with respect to the
pump (change gear ratio).

(e) Tractor power

Thefarmtractorisprobablytheleast desirabletype of
power source forirrigation pumping. Itisoften used
onsmallsystemswhereirrigationisnotneededcon-
tinuously during the growing season. If a farm tractor
is to be used for irrigation power, it must be in good
mechanical condition and with sufficient powerto

operate the pump at the required capacity without run-

ning at full throttle. The irrigation pump is a constant
load machine and differs from normal farm tractor
work where the load is applied intermittently. An en-
ginelarge enough foratractor maynothavesufficient
power for pumping, asthe horsepower rating ofthe
tractor is based on intermittent operation.

The power from a farm tractor may be transmitted
to the pump through either a belt drive or a power
takeoff. Tractor manufacturers usually recommend
operating at 85 percentofthe maximumbelthorse-

poweroutputand 75 percentofthe maximumdrawbar
horsepower for continuousoperation. The power
takeoffis the type of drive most commonly used with
farm tractor power for irrigation pumping. As there is
some loss through the power takeoff shaft with speed
increases, most authorities recommend limiting the
powertakeoff power delivered totheirrigation pump
to 75 percent of the maximumbelt horsepower output.
Alower percentage should be used for older tractors,
possibly dropping to 50 percent or lower for tractor
engines in only fair mechanical condition.

(f) Solar power

Photovoltaic (PV) poweris produced directly by
sunlight shining on an array of modules, requires no
moving parts, and is extremely simple and reliable.

Generally, many individual cells are combined into
modules sealed between layers of glass or transparent
polymer to protect the electric circuit from the envi-
ronment. These modulesare capable of producing tens
of watts of power. Several modules are then connected
inanarray to provide enough power torun a motor-
pump set in a pumping system. This array is usually
mounted on a simple, inexpensive structure oriented
towardthe sunataninclinationangleclosetothe
latitude of the site. This ensures that ample energy
fromthe sunwillshineonthearray duringall seasons
oftheyear.

A PV-powered water system is basically similar to any
other water system. All PV-powered pumping systems
have,asaminimum, a PV array,amotor,andapump.
The array can be coupled directly to a DC motor or,
through aninverter, toan AC motor. Forboth AC and
DCsystems, abattery bank canbe used to store ener-
gy or the water can be stored. The motor is connected
toanyoneofavariety of variable-speed pumps.

BecauseapumppoweredbyaPVarraysupplieswater
during sunlight hours only, batteries or other stor-

age system may be necessary. Introducing batteries
into the photovoltaic-powered pumping system may
decrease its reliability and increase its maintenance re-
quirements. The inclusion of batteries is justified when
the maximum yield of the well during sunlight hours is
insufficient to meet the daily water requirement.
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Inlieuofbatteries, atank orreservoir maybe used to
store water for low sunlight periods. Water storage

is an important consideration. Three days’ worth is a
typical storage size, regardlessoftheintended use for
thewater. Butlocal weatherconditionsand wateruse
should determinetheoptimum sizetomeettheneeds.

For efficient operation, the voltage and current char-
acteristics of the pump need to match those of the
array.Therearethreebasicwaysin whichapumpand
controller can be connected toa PV array. The sim-
plestistodirectly couple the pump and array. Another
methodistointerpose abattery. The thirdistousean
electronic controller. The operation characteristics

of centrifugal pumps are reasonably well matched to
theoutputof PV arrays. Therefore, the two are most
often directly coupled. This direct coupling requires
that gear ratios, motor speed, and voltage and pump
stagecharacteristics be carefully chosen for proper
operation. Array matching to pump characteristics
iscomplicated by the limited number of pump sizes.
Electronic controls can enhance performance ofa
well-matched array-pump system by 10 to 15 percent.
These controls are frequently used in locations with
fluctuating water levels or weather characteristics.

The operating characteristics of positive displacement
or so called volumetric pumps are poorly matched to
the output of PV arrays. Batteries can improve this
match and allow the motor tobe started atlow sun
levels. However, batteries have drawbacks, as outlined
above. Maximum power controllers (MPCs) are usu-
ally used with volumetric pumps. They employ intel-
ligent electronic devices to transform the array output
to match pump power requirements. These controls
allow operationoverawiderange ofirradiancelevels,
water levels, and flow rates. In addition, they solve the
volumetric pump starting problem. Electronic controls
typically consume four to seven percent of the array’s
power output.

(1) Daily insolation levels

The power produced by a PV system depends on the
insolation (incoming solar radiation) available. This in-
solation varies for each site and month tomonth, due
to seasonal and climatic variations. Insolation is usu-
ally measured in sun-hours (1 sun hour —1 kWh/m?2,
about equal in intensity to sunshine on a clear summer
day atsolarnoon). Not every hour of sunlight counts
equally to the daily solar insolation. Noon-time hours,
when the angle of incidence of solar radiation is close

to perpendicular, are weighted higher than morning
and evening hours of sunlight.

If the pumping rate needs stay the same year-round,
solardesigncalculations shouldbebased onthe
monthwiththelowestinsolationlevelstoensure
adequatewaterthroughouttheyear.Ifwateristobe
used forcropirrigation, the monthswiththelowest
insolation often correspond to those in which crop
demand for waterislowest; thus, calculations donot
needtobeasconservative asthose for drinking wa-
ter only. If water consumption varies throughout the
year,the system design should bebased ontheratio
of water required to insolation available. The month in
which this ratio is largest will determine the PV array
size. When determining irradiation for a specific loca-
tion, data should be obtained from the nearest avail-
ablemeteorological station and allowance madefor
anyknownlocalclimate differences.

(2) Orientation and location of photovoltaic
arrays

Orientationreferstotheposition ofasurfacerelative
totruesouth (forsitesinthenorthernhemisphere).
Although photovoltaic arrays that face within 15
degrees of true south receive almost full sunshine, any
unobstructed, generally south-facing surface is a po-
tential array location. An array should not be shaded
by obstructions like buildings or trees. Obstructions
thatcausenointerferenceinsummer maycastlong
shadows when the winter sunislow in the sky.

(3) Tilt of photovoltaic arrays
Modulesurfacestiltedatarightangletothe sun’s

rays catch the most sunshine per unit area. An angle
equaltothelocallatitudein degrees (tilted up from

the horizontal) is the closest approximation to that tilt
orslopeonayear-roundbasis. Ifthe water needs are
notthe samethroughouttheyear,ahigherorlower
array-tilt angle may be advantageous and lead to bet-
ter system performance. For example, if the summer
months have the highest water needs, an array tilt of

15 degrees less than the latitude angle is recommend-
ed. Similarly, if the winter months have the highest
water needs, increasing the tilt by 15 degrees should
beconsidered. Thedailytotalinsolationincidentona
south-facing surface tilted at an angle equal to the lo-
callatitude during the winter seasonisshowninfigure
8-66. Meteorological stations, universities, government
agencies, or otherinformation depositoriesin thelocal
area should be contacted to determine the availability
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of accurate insolation data. Charts similar to figure
8-66canbeobtainedfromthe Southwest Technol-
ogy Development Institute or the National Center for
Photovoltaics.

Seasonal values of solar radiation are adequate for
preliminary design and costing purposes. Note that the
numberof sun-hoursatasiteisdifferentfromthetotal
numberofhoursthesunisshining. Theworldwide
yearly average insolation is 5 sun-hours (or 5 kWh/

mP/day). Base your design on the site closest in both
distance and climate conditions to your own.

(4) Sizing systems and selecting

The term sizing means determining the required size
orcapacity of allmajor photovoltaic system elements.
The system will need to be sized so that it will be able
to satisfactorily serve the intended load. This section
outlines a simple method intended to assist potential
users in making rough estimates. These estimates
should be within 20 percent of the true value for
systemswith some sortofvoltageregulation (without

Figure8-66 Wintertiltangleequalslatitude+15°dailytotal solarradiationonatilted surfaceinkW/m?2/day
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voltage control, asis the case for a direct-coupled sys-
tem, array efficiency can be decreased by asmuch as
50%). Essentially, the process is to calculate the aver-
agedaily energyloadinkilowatt hours forthe peak
monthinthe season of use:

1. Calculate the hydraulic load. The hydraulic
loadisdirectly proportional tothe daily water
volume-head product.

2. Estimate system losses. Thisincludes mis-
matcheffectsandlossesinthe wires, electron-
iccontrols, pump, and motor. The lossesin the
pump (40-60%) and motor (10-20%) dominate.
Use these losses to determine an estimated
overall horsepower requirement for the system.

3. Determinelocalinsolation. The appropriate
amount of input solar radiation (insolation) to
the photovoltaic system at the application site
may be obtained from charts similar to figure
8-66. Average daily values for spring, summer,
autumn, and winter are included in the charts.

4. Determine the critical design period. The
available solar insolation varies as the sea-
sons change, as may the water requirements
orwaterlevelin the well. For thisreason, the
worstcombinationofload andinsolation must
be identified. It is this combination that deter-
minesthesizeofthe system.

Thisworstcombinationcanbeidentified by
constructing a table of average seasonal insola-
tion and load values and then determining the
season with the lowest ratioofinsolation to
load. Thisvalueisthenusedinthenextstep.

5. Calculatethearraypower. PVarraysareusu-
ally rated by specifying their output in watts
under standard conditions of 100 milliWatt per
square centimeter insolation with the cell tem-
perature at 25 degrees Centigrade. This output
is, however, adversely affected by temperature,
falling by approximately 0.57 watts per degree
centigrade above this standard. Since normal
cell temperature is approximately 30 °C above
ambient air temperature (which, in turn, is of-
tenwellabove 25°C), actual arrayoutput may
be significantly less than rated power.

Centrifugal pumps achieve maximum efficiency only
when operating at design capacity; when pumping at
lessthan designcapacity, the efficiencyisless. Since

the poweroutputofa PV systemisconstantly chang-
ing, the long-term average efficiency of a centrifugal
pumpishardtopredict, butwillbelessthanitsrated
efficiency at design capacity. In contrast, the effi-
ciency of a positive displacement pumpisconstant
throughout its operating range. The following section
describes some of the interactions among insolation,
PV array output, and pumping efficiency.

(5) Effect of varying solar radiation on output
A majorfactorinsizing systemsisthe nature of solar
radiation—it changes throughout the day, is affected
by the weather, and changes from season to season.
Thisvariationininputpowerdoesnotgreatly affect
systemsthatareabletodeliver waterin proportionto
the ambient solar intensity; they produce less water
when the solar level is low and produce more when
thesolarlevelishigh. Thisevensoutovertime. This
variation does affect pumping systems where water
output is nonlinear with solar intensity (e.g., the water
outputdoesnotvary directly with the speed at which
the pump operates). The implications for output are
complex. In addition, they highlight the importance

of properly defining the desired average daily water
delivery in the purchase specifications and requiring a
well-defined acceptance test.

(6) Daily variations

The most important characteristic of insolation is

its diurnal pattern. The expected power available to

a fixed flat-plate array over a 24-hour period under
clear skies is represented by a hill-shaped curve that
increasesfrom sunrisetonoonanddecreasesthere-
after until sunset. In general, positive displacement
pumps are linear with respect to their input-output
performance and, when coupled toa “smart” elec-
tronic controller, can fully utilize the available solar
radiation. Centrifugal pumps have nonlinear efficiency
characteristics, and hence, water production de-
creaseswhenthese pumpsareoperated awayfroman
optimum design condition. Manufacturers should take
these effects into account when quoting average daily
flow rates. Figure 867 illustrates these variations.

Weather variations—Cloudy weather (intermittent
clouds) and overcast skies (solid cloudy ceiling) con-
siderably reduce the amount of insolation and thus the
outputofphotovoltaicsystems (fig. 8—68). Solarinso-
lation tables include adjustments for weather varia-
tions because these variations are normally present

as average daily levels over a full month. Therefore,
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Figure 867 Exampleofaverage seasonalsolarradiation valuesfor Nowheresville, USA

——
Solar radiation for flat-plate collectors facing south at a fixed Ttilt (kWh/m2/day), uncertainty +9%
Tilt(deg.) Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Year
0 Average 1.1 1.8 2.8 3.9 4.9 5.3 5.4 4.8 3.8 2.4 1.3 1.0 3.2
Min/Max 0.9/1.4 1.3/2.3 2.3/3.4 3.3/45 4.0/5.6 4.4/6.1 4.6/6.2 4.0/5.6 3.3/4.5 1.9/2.9 1.1/2.6 0.9/1.3 3.0/3.4
Latitude Average 1.7 2.4 3.4 4.3 5.0 5.2 5.4 5.1 4.7 3.3 2.0 1.5 3.7
-15 Min/Max 1.1/2.5 1.4/3.5 2.5/4.5 3.4/5.2 4.0/5.8 4.2/6.0 4.5/6.3 4.2/6.2 3.7/5.7 2.3/4.3 1.4/2.8 1.1/2.5 3.3/3.9
Latitude Average 1.9 2.6 3.4 4.2 4.7 4.7 5.0 4.9 4.7 3.5 2.1 1.7 3.6
Min/Max 1.2/2.8 1.4/3.8 2.5/4.7 3.3/5.0 3.7/5.4 3.9/56.56 4.1/5.8 4.0/6.0 3.7/56.8 2.4/4.6 1.5/3.1 1.1/2.9 3.3/3.9
Latitude Average 2.0 2.6 3.3 3.8 4.1 4.1 4.4 4.4 4.5 3.5 2.2 1.8 3.4
+15 Min/Max 1.2/3.0 1.3/3.9 2.3/4.6 3.0/4.7 3.3/4.8 3.4/4.8 3.6/5.1 3.6/5.4 3.5/56.6 2.3/4.6 1.5/3.2 1.1/3.2 3.1/3.7
90 Average 1.8 2.2 2.6 2.7 2.7 2.5 2.7 3.0 3.4 2.9 1.9 1.6 2.5
Min/Max 1.0/2.8 1.1/3.5 1.8/3.7 2.2/3..3 2.2/3.0 2.2/2.9 2.3/3.1 2.5/3.7 2.6/4.2 1.9/3.4 1.3/3.0 1.0/3.1 2.3/2.8
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weathervariationsdonot,ontheaverage, affectthe
water delivery of linear systems (e.g. positive displace-
ment pumps). However, centrifugal pumps are con-
siderably affected. When sizing photovoltaic-powered
centrifugal pumps in areas that experience weather
conditionsof generally decreased or overcastinsola-
tion (fog, haze, dust, dispersed clouds, or smog), use
amaximum value of 80 milliWatt per square centime-
ter instead of 100 milliWatt per square centimeter for
the daily solarprofile. Thislower peak valueatnoon,
coupled with the average daily insolation level (kWh/
m?/day) in the solar tables, should account for those
weather variations.

Seasonalvariations—Sincethere are seasonal differ-
encesinthedaily path sunacrossthesky,the amount
of solar energy striking a fixed array will vary season-
ally. Note that the seasonal variation effects described
in this paragraph are due only to annual changes in
sun angle and are distinct from typical seasonal chang-
es in insolation due to changing weather patterns. The
outputofapositive displacement pump dependson
the amount of total daily solar insolation striking the
array. By contrast, the output of a centrifugal pump

s affected by the peak value of the solar insolation
aswellasbytheamount. Forafixedtilt-anglearray,
peakpowerwillvary seasonally asthe sun’sangle with
respect to the array changes. Purchase specifications
shouldrequire manufacturerstoaccountforthiseffect
and the other effects described in this section when

Figure 868 Diurnal patternof daily solarinsolation
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presenting expected water output. The techniques
presented earlier did account for these effects.

Moreinformationonthedesignofphotovoltaicdesign
examples can be found from Sandia National Labora-
tory, which has published several manuals with cost-
ing procedures and design examples.

() Wind power

Windmills can still be used to great advantage when
powerisnotavailableatasite. The mostimportant
factoristo provide adequate storage to carry over dur-
ingperiodsoflittleornowind. Windmills alsorequire
frequent checking and maintenance (fig. 8-69).

(1) Wind generator powered pump

Wind generators or turbines can be used to power
low-volume pumps. These systems are expensive and
have the same disadvantage as windmills in that they
dependonwindbeingavailabletopump water. They
may be more reliable than windmills because there are

Figure 869 Typical farm windmill near Lubbock, TX
——

&€

-‘ “f‘
/ ;'y.‘f}:
M

[ o

i RERE Y ./

(210-VI-NEH, Amend. 78, January 2016) 8-75



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

less mechanical components to go wrong. It may also
bepossible topump water from deeper depths. Figure
8-701illustrates a wind generator (turbine). This small
generator delivers 12- or 24-volt power and might be
used with the same type of pumps as solar-powered
pumps, or mightbe used in conjunction with solar
power.

(h) Power requirements

Todetermine the actual horsepower of the power unit
usedindriving a pump,itisnecessary to knowthe
efficiency of the pump, the type of drive, type of power
unit, the head under which the pump operates, and all
losses in the piping system. Pump manufacturers nor-
mally provide performance curves for their pumps that
give information such as discharge, head pressure,
required horsepower, and efficiency. These parameters
canbetestedunderfield working conditions.

The efficiency of a horizontal centrifugal pump and

a vertical centrifugal pump mounted in a sump in-
cludesonly the losses in the pump proper. Except for
thefrictionlosses, theefficiency of avertical-mount

Figure 8-70 Wind turbine near Milford, UT
|

submerged centrifugal pump includes the losses in the
pump plus thoseincurred from the suction tothe end
ofthe pump discharge. Similarly, exceptfor column
pipe friction losses, efficiency of a deep-well turbine
pumpincludesalllossesfromtheintakeattheend
ofthe bowls to the discharge outlet. The column pipe
friction losses for vertical mount centrifugal pumps
andfordeep-wellturbine pumpsareincludedinthe
total dynamic head calculation. If the power unit and
pump are not directly connected, thereisa driveloss
that mustbe considered. Theselosses canbe estab-
lishedwellenough toenableaccurateassumptionsto
be made for the desired type of pump drive.

The useful work done by a pump or the water horse-
power (whp) required can be calculated using equa-
tion 8-3.

Thewhprepresentsthe powerthatwouldberequired
tooperate the pumpifthe pump and drive were
100-percent efficient. The bhp required to operate a
pump is determined using equation 8-12:

bhp = whp

(pump efficiency)(drive efficiency) (eq. 8-12)
Thetermbhpcanoccasionally be misunderstood.
Powerunitmanufacturersusethetermtorefertothe
outputthattheengineormotordeliverstoitsdrive
shaft. Pump manufacturers often refer to bhp as the
powerthatisapplied to the pump. Confusion can
result because there is often a drive (e.g., a right-angle
geardrive,beltdrive) thathasitsowninefficiencies.
When reading a pump curve that references bhp, en-
surethatdriveinefficiencies are accounted for before
sizing the power unit.

(1) Power requirements for electric motors
Electricmotorsforirrigation pumpsareselected for
100 percent duty rating (continuous operation); there-
fore, therequired bhp to operate the pump pluslosses
inthe driveis the size of the electric motor needed.
The efficiency of an electric motor must be considered
in determining power consumption. These formulas

apply:

bhp

inputhorsepower,ihp=
(motorefficiency) (eq.8-13)

8-76 (210-VI-NEH, Amend. 78, January 2016)



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

Or, expressedinkilowatts, the power inputtothe mo-
torisexpressed as:

kw input to motor = 0.746xihp (eq. 8-14)
kw-hr
1000 gallons pumped -
(0.00314)(TDH)
(pump efficiency)(drive efficiency)(motor efﬁciency)
(eq. 8-15)

(kw-hr) _
(acre-ft)

(1.024)(TDH)

(pump efficiency)(drive efficiency)(motor efficiency)

(eq. 8-16)

Approximate efficiencies of modern electric motors
operatingatfullload aregivenintable 8—3. Oldermo-
tors exhibit lower efficiencies. More information about
motorefficiencyisgiveninappendix 8D.

Table 83 Approximateefficienciesofelectric motors
s operating at full load

Efficiencies for standard efficiency motors

Motorsize 900 r/min 1,200/ 1,800 x/ 3,600 r/
(hp) min min min
10 87.2 87.3 86.3 86.3
15 87.8 87.4 88.0 87.9
20 88.2 88.5 88.6 89.1
25 88.6 89.4 89.5 89.0
30 89.9 89.2 89.7 89.2
40 91.0 90.1 90.1 90.0
50 90.8 90.7 90.4 90.1
75 91.7 92.0 91.7 90.7
100 92.2 92.3 92.2 91.9
125 92.9 92.6 92.8 91.6
150 93.3 93.1 93.3 92.0
200 92.8 94.1 93.4 93.0
250 93.1 93.5 93.9 92.7
300 93.1 93.8 94.0 93.9

Overall pumping plantefficiency (OPE) istheratio of
the energy needed by the pump to the energy input to
the motor,and expressedin percentbytheequation
8-17.Maintaining high overall pumping plant efficien-
cyisimportantinreducing power costs.

OPE is calculated as:

(whp)

OPE=, "~ 400 (eq. 8-17)
FH

Drive efficiency is dependent on the type of drive. The
following drive types are found on irrigation systems:
close-coupled or direct drive, gear box, shaft, and belt
drives (v-beltandflatbelt). Rangesfordrive efficiency
are shown in table 8—4.

Overall pumping plant efficiency does not include the
electricalline losses between the electric motor and
theelectric power meter. Long power lines for delivery
of electricity can result in considerable power loss. If
theselossesaretobecalculated, consultthe appropri-
ate electrical references.

(2) Power requirements for internal combus-
tion engines

Internal combustion engines are rated on the bare en-
gine dynamometer horsepower developed at the shaft;
therefore, the efficiency of the unit doesnot enterinto
computations. The rated horsepower of the engine
must be in excess of the required horsepower to drive
the pump to offset the losses due to accessories and
provide for continuous operation.

Example 8—9 shows a method of computing the bhp
requiredby anelectric motortooperate anirrigation
pump. Example 8-10showsthe method of computing
theenginesizeforanonelectricpumpingplantalong
with necessary corrections for altitude, temperature,
and continuous operation.
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623.0809 Cavitation, Water Ham-
mer, Net Positive Suction Head,
and Specific Gravity

(&) Net positive suction head

Net positive suction head (NPSH) is the maximum
column of water that can be lifted in a pipe under a
givensetofconditions. Itisthehead thatcausesliquid
toflow through the suction piping and enter the eye of
the pump impeller. The units for NPSH are typically in
feetof pressure, and the valueisexpressedin abso-
lute, not relative, pressure.

Required NPSH (NPSHR) is a function of the pump
designandvaries with the capacity and speedofthe
pump.Itistheheadthatmustbepresentattheeye
oftheimpeller for the pump to operate normally. A
pump typically requires greater NPSH as the flow
rate increases. The value of NPSHR is supplied by the
manufacturer.

Available NPSH (NPSHA) is a function of the system
in which the pump operates; it represents the energy
levelinthe waterovervapor pressureatthe pump
inlet. The available NPSH for a pump at a given operat-
ing point mustequal orexceed therequired NPSH or
cavitation occurs.

Ensuringthatthe NPSHA is greater than the NPSHR is
a critical design requirement for pump suction lines.
When the NPSHA is less than the NPSHR the fluid

will cavitate; this can cause permanent damage to the
pump. Avoiding this situation is the responsibility of
the pumping plant designer.

Suction lift is a misleading term since rotodynamic
pumps arenotcapable of suction; theliquid mustbe
pushedintothe eye of the impeller. In cases where the
waterlevelisbelow the elevation of theimpeller, the
pushisprovidedbyatmosphericpressure. Atsealevel,
atmospheric pressure is ideally capable of pushing
water up 33.9 feet (this figure assumes that a perfect
vacuumisformedinthe suction piping), butaseleva-
tionabove sealevelincreases, the height water canbe
pushed decreases (table 8-5). Atmospheric pressure
isalso affected by local weather conditions (e.g., high

Table 84 Drive efficiency ranges

—

Drive type Drive efficiency (%) Comments

Direct drive 100 Includes close-coupled or vertical shaft (turbine or vertical mounted centrif-
ugal). Turbine pumps withlongershaftsandhigherhorsepowerdoexhibit
slightlylowerefficiencies,butin mostcasestheselossesarenegligible.

Right-angle gear >95 Common totransmit power from acombustion engine toa turbine pump.

Power take-off varies Depends on configuration: U-joints, shaft type, gear speed increasers, align-
ment, spur gears, and belts.

Beltdrives V-Belt 90-95 Efficienciescanbelower. Varies dependingon slippage, type of pulley, type
of belt, pulley size, distance between pulley centers, pulley alignment, pulley
wear, twistused, andnumberofidlerpulleys. Slippage canvary with tem-
perature changes. Belts must be retensioned periodically (particularly after
initialinstallation) to maintain efficiency

Flat Belt 70-80 Historically important but use is not widespread today. Slippage can be

higherthanotherbelts. Factorsthatreduce efficiency are the sameasfor
V-belts.
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Example 8—9—How to determine motor size and pumping plant efficiency

Given:
An 1,800 r/min electric motor-driven pump with a V-belt drive is required to deliver 650 gallons per minute at 145
TDH.Assumethatthe pumpefficiencyis 75 percentandtheV-beltdriveefficiencyis 90 percent.

Find:
+ Waterhorsepower outputofthe pump
Motor sizeinhorsepower
* Inputpowertomotorinkilowatts
* Power consumption in kilowatts per 1,000 gallons pumped
* OPE in percent

Solution:
Water horsepower:

((gpm) (TDH))

Whpzk 3960

_((650)(145))
(390 )

=23.8hp

Motor size:

bhp= whp
(pumpefficiency x drive efficiency)

[ 8 )

| (0.75%.90) )
=35.26 hp

Selecta 40-hp motor. The motorefficiencyis 90.1 percent from table 8—e. Drive efficiency is 90%
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Example 8—9—How to determine motor size and pumping plant efficiency—continued

Electricinputtomotor:
(bhp)

ihp= .
P motor efficiency

~ (35.26)

0.901
=39.13hp

kw input to motor = (ihp) (0.746)
=(39.13) (0.746)
=29.19

Power consumption in kilowatts per 1,000 gallons:

kwh ~ (TDH) (0.00314)
1000gallonspumped - (pumpefficiency)(drive efficiency)(motorefficiency)
(145) (0.00314)
= (0.75)(0.90) (0.901)

Overall pumping plant efficiency:

( Whp\

LE} (100)

:(%] (100)

=60.8%

OPE=

8-80 (210-VI-NEH, Amend. 78, January 2016)



Chapter 8 Irrigation Pumping Plants Part 623
National Engineering Handbook

Example 8—~10—How to determine engine size needed for pumping

Given:

A centrifugal pump powered by a direct-drive gasoline engine must deliver 480 gallons per minute at a total dynam-
icheadof 180feet. The pump efficiencyis 73 percent, and the drive efficiency is 100 percent (direct drive). Aheat
exchangerisusedinstead ofanengineradiator. Based onthe manufacturer’'sinformation, there a 5 percentlossin
the heat exchanger, the daytime temperature is 90 degrees Fahrenheit and this particular motor lose 1 percent of
efficiency forevery 10 degrees above 60 degrees Fahrenheit,and the pumpingsiteis2,000feet above sealevel.

Find:
* The size of engine required.

Solution:
Corrections for derating of engine:

Continuous load operation 20%
Accessories—generator, air cleaner
(heat exchanger for cooling) 5%
Elevation — 2,000 ft @ 3 percent/1,000 ft
above sealevel 6%
Temperature:90°F-60°F=30°Fx 1%/10°F 3%
Total deduction 34%
Solution:
Enginesizerequired = ( bhp )
1.00—-efficiencyloss deductionJ
( 29.89 )
“1.00-0.34
=45.28
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and low pressure weather patterns, which can affect
the values in table 8-5).

Calculation of NPSHA involves looking at two differ-
entphysical processes. Thefirstisthecalculation of
the friction losses that occursin the suction pipe. The
suction piping has friction losses that increase with
thevelocity of the liquid. Both the friction losses and
the minor losses of the suction pipe should be calcu-
lated. Also, theliquidloses pressureasitentersthe

suction piping and travels upward toward the impeller.

The first part of the calculation of NPSHA (fig. 8-71)
includesthedeterminationofthefrictionlossesinthe
suction pipeandthechangeinelevationoftheliquid.

The second consideration in the calculation of NPSHA
involves the physical properties of the liquid that is
being pumped. Theboiling pointofaliquid decreases
as the pressure decreases. As liquid travels up the
suction pipe, its pressure decreases. Water, like any
liquid, will boil at some combination of pressure and

Table 85 Standard atmospheric pressure for different
s altitudes

Altitude Atmospheric
(ft) pressure
(£t)

0 33.9

500 33.3
1,000 32.8
1,500 32.1
2,000 31.5
2,500 31.0
3,000 30.4
3,500 29.8
4,000 29.2
4,500 28.8
5,000 28.2
5,500 27.6
6,000 27.2
6,500 26.7
7,000 26.2
7,500 25.7
8,000 25.2

temperature. Avoiding the boiling point of the liquid in
the suction pipeisthereasonthe NPSHA must exceed
the NPSHR.

Thefactthatwaterisatroomtemperature doesnot
meanitcannotboil. The normal boiling point of any
liquid is the temperature where the vapor pressure
equals the ambient atmospheric pressure. For exam-
ple, water at 212 degrees Fahrenheit boils at sea level
(absolute pressureis 33.9ft),and waterat 100degrees
Fahrenheit boils at an absolute pressure of 2.2 feet
(table 8—6). Waterin the suction pipe willhave a pres-
sure that is less than atmospheric pressure. If the pres-

Figure 8-71 NPSH for a suction lift

4 Pressure drop
inside pump NPSH
T

NPSH, y
j Velocity head l
‘_
T

ar

Table 86 Vapor pressures of water for various tempera-
mmmm——  tures

Temperature Vapor

°F pressure
ft

60 0.59
70 0.84
80 1.2
90 1.6
100 2.2
110 3.0
120 3.9
130 5.0
140 6.8
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sureis too low, 1t will boil, and when the pressureis
thenincreased, asitwillbe whenitpassesthroughthe
impeller, it will cavitate. Cavitation is the formation of
vapor bubbles of aflowing liquid in a region where the
pressureoftheliquidfallsbelowits vapor pressure.

forthe pump atthe maximum expected flow rate.

NPSHR for any given pump increases as the flow rate
increase, so the designer should determine the maxi-
mum flow rate of the pump and determine the NPSHR
at that flow rate. An appropriate safety factor should
beincludedinthecalculation of NPSHA to account for

Equation 8-18is the equation for calculating NPSHA
(table 8—7 for description of factors). Once the NPSHA
is calculated, it must be compared against the NPSHR

changesintheweatherand minorsuctionline screen
clogging.

Table 87 Descriptionofthecomponentsfor NPSH

h,

bar

vap

S

>h,

vol

FS

The absolute (barometric) pressure onthe surface of the
liquid in the supply tank.

Suction lift - head measured from the intake water
surface tothe eye of theimpeller. If the water surfaceis
abovetheimpellereye, isnegative.

The absolute vapor pressure of the fluid at the maximum
expected temperature.

The pipefrictionbetweenthesuctionintake andthe
pump.

The sum of the minor pipe friction losses such asen-

trance,bend, reducerandvalvelosses. The minorlosses
are significant!

The partial pressure of dissolved gasessuch as airin
water (usuallyignored) or volatile organic matterin
wastewater (customarily estimated at 2 ft).

A factor of safety used to account for the uncertainty in
hydraulic calculations and for the possibility of swirling
or uneven velocity distribution in the intake.

Typically atmospheric pressure (vented supply tank

or open water surface), but can be different for closed
tanks.Ifatmosphericpressureisused, besuretoadjust
for site elevation.

Always positive (may be close to zero, but even vacuum
vesselsareatapositive absolute pressure).

Can be negative when liquid level is above the centerline
of the pump (called static head).

Canbe positive whenliquidlevelisbelow the centerline
of the pump (called suction lift).

Always be sure to use the lowest liquid level allowed in
the tank or the lowest expected water level in a stream
OF reservoir.

Mustbesubtractedintheendtomakesurethattheinlet
pressure stays above the vapor pressure.

Determine the h . of the highest expected temperature
ofthe water.

Remember, astemperature goesup, so does the vapor
pressure.

Piping and fittings act as a restriction, working against
liquidasitflowstowardsthe pumpinlet.

Atypical safety factor (FS)is 4 feet. This will typically
overcomechangesin atmospheric pressure due to
weather,and minorcloggingofanyinlet screen.
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NPSHA=h,, -h -h,->h -h_ -h_ -FS
(eq. 8-18)

The pumping plant designer has several options if the
NPSHA is less than the NPSHR. The suction pipe can
be made larger to reduce friction losses, or the pump
can be placed closer to the elevation of the water.

One relatively common instance of insufficient NPSH
is at the startup of rotodynamic irrigation pumps.

The pumpisworkingagainstlow pressureduetothe
empty irrigation pipeline. The typical pump character-
istic curve indicates that when the total dynamic head
islow, the flow rateis high. The high flow ratein the
suction pipecreateshigherfrictionlossinthe suction
pipe, and this reduces the NPSHA. If the NPSHA is
less than the NPSHR, cavitation will occur. If cavita-
tionoccurs, closethedischarge valve. Ifcavitationis
allowedtocontinue,theimpellerand pump casingcan
become pitted and damaged, reducing pump capacity.
To eliminate cavitation as well as water hammer, and
to prevent high amperage draw on demand meters,
openthedischargevalveslowlytofillthe mainline
when starting the pump.

Caution: Do notlet the pump run more than two min-
uteswiththedischargevalveclosed.

(b) Water hammer

Water hammer occurs when fluid flowing full through
aclosed piping system undergoes arapidchangeinve-
locity, either aretardation oracceleration of the flow,
suchassuddenstarting, stoppingorchangeinspeed
of a pump; or suddenly opening or closing of a valve.
Thesuddenincreaseinpressureistheresultoftheki-
neticenergyofthe moving massof water beingtrans-
formed into pressure energy. When a valve is rapidly
closedina pipeline during flow, the flow through the
valve is reduced, resulting in an increase in the head
ontheupstream sideofthe valve and causing a pulse
ofhigh pressuretobepropagated upstream. Action

of this pressure pulse is to decrease the flow velocity.
The pressure onthe downstream side of the valveis
reduced and awave ofthe lowered pressure travels
downstream.Ifthevalveclosureisrapidenoughand
the steady pressureislow enough, a vapor pocket may
form downstream fromthevalveandthecavity will
eventually collapse and produce a high pressure wave

downstream. This is possible where the sump area and
adjacent areas have too small a water volume.

Theexcessive pressureriseinthe systemcancause
damageon either the suction or discharge side of the
pump. Water hammer can cause rupture and serious
damage to the entire piping system unless essential
precautions are taken. Water hammer may be con-
trolled by limiting the design velocity in the pipeline,
regulating valve closure time, installing surge tanks
and pressure relief valves, or other means.

Water hammer calculations are rather complex; there-
fore, it is recommended that specialized engineering
servicesbeemployedincases where water hammer
maybeaproblem (i.e., surging flows, rapid valve clos-
ings, orvelocities exceed recommended limits).

(c) Cavitation

Cavitationisaterm used todescribe arather complex
phenomenon that may exist in a pumping installation.
In a centrifugal pump cavitation may be explained as:

+ Astheliquidflowsthroughthesuctionlineand
enterstheeyeofthe pumpimpeller,anincrease
invelocity takesplace. Thisincreaseinvelocity
isaccompanied by areductionin pressure.

+ Ifthepressurefallsbelowthevaporpressure
corresponding to the temperature of the liquid,
the liquid will vaporize and the flowing stream
will consist of liquid plus pockets of vapor.

* Following further through the impeller, the liquid
reachesaregionofhigherpressureandthecavi-
ties of vapor collapse. It is this collapse of vapor
pocketsthatcausesthenoiseincidenttocavita-
tion.

Cavitationneednotbeaprobleminapumpinstalla-
tion if the pump is properly designed, installed, and
operatedin accordance with the designer’srecom-
mendations. Cavitation is not necessarily destructive,
and a pump may operate rather quietly if cavitation is
mild. The only effect may be a slight drop in efficiency.
Severecavitationwillbe verynoisy and will destroy
the pumpimpeller,other partsof the pump, orboth.

Any pump canbe made to cavitate, so care should be
taken in selecting the pump and planning the installa-
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tion. Forcentrifugal pumps, avoidasmuch aspossible
these hydraulic and pump conditions:

* headsmuchlowerthantheheadatpeakefficien-
cy of the pump

* capacity much higher than capacity at peak ef-
ficiency of the pump

*+ suctionlifthigherorpositiveheadlowerthan
that recommended by the manufacturer

* liquid temperatures higher than that for which
the system is originally designed

* speeds higher than manufacturer’s recommenda-
tion

The explanation of cavitation in centrifugal pumps
cannot be used when dealing with propeller pumps.
The water entering a propeller pump in a large bell-
mouthinletwillbe guided tothe smallestsection,
called a throat, immediately ahead of the propeller.
The velocity there should not be excessive and should
provide a sufficiently large capacity to fill properly
the portsbetween the propellerblades. Asthe pro-
pellerbladesarewidely spaced, not much guidance
canbe given to the stream of water. When the head is
increased beyond a safelimit, the capacityisreduced
toaquantityinsufficient tofillup the spacebetween
the propeller vanes, duetothe powerlimitationsof
thepump.Thestreamofwaterwill separatefromthe
propeller vanes, creating a small space where pressure
is close to a perfect vacuum. In a fraction of a second,
thissmallvacuum spacewillbe smashedbytheliquid
hitting the smooth surface of the propeller vane with
an enormous force, which starts the process of surface
pittingofthevanes. Atthe sametime a soundlike
rocksthrownaroundinabarrel oramountainstream
tumbling boulders will be heard.

Thefiverulesapplyingtocentrifugal pumpscanbe
changed to suit propeller pumps. These conditions
should be avoided as much as possible:

* heads much higher than the head at peak effi-
ciency of the pump

capacity muchlowerthancapacity at peak ef-
ficiency of the pump

+ suctionlifthigherorpositive suctionheadlower
than that recommended by the manufacturer

* liquid temperatures higher than that for which
the system is originally designed

speeds higher than manufacturer’s recommenda-
tion

The cavitation parameter, o, is useful in characterizing
the susceptibility of the pumping system to cavitate,
which is defined by equation 8-19.

P, D,
.

°TTTTH

(eq. 8-19)

= absolute pressure at the point of interest
= vapor pressure of water

= gpecificweightof water

= static suction head

pumping head

The cavitation parameter actually is a ratio of the
totalhead above the vapor pressuretothetotalhead
produced by a pump. When cis zero, the pressureis
reducedtothe vaporpressure andboiling (cavitation)
will occur. A critical cavitation parameter is deter-
mined through cavitation tests by a pump manufactur-
er. For cavitation-free pump performance, the suction
headforanimpellerinstallation mustbesetinsucha
manner that the cavitation number exceeds the critical
cavitation number. It should be noted that the less the
valueof H andthe greater the value of 5, the greater
the assurance against cavitation. See example 8-11
acceptable static suction head.

(d) Specific gravity

Specificgravityistheratioofasubstance’sdensity

or mass tothat of the density of water at 4 degrees
Centigrade. The specific gravity of water is generally
taken as 1.0 but will vary slightly with temperature.
Specific gravity becomes important when sizing a
pump because it is representative of the fluids weight,
and weight has a direct effect on the amount of work a
pump willhave to perform. The weight does affect the
amount of work performed by the pump and there by
theamountofhorsepowerrequired asshowninequa-
tion 8-3.
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A relationship between specific gravity and its effects
on head and pressure are shown in figure 8-72.

Figure 8-72 Relationshipbetween specific gravity, head,
and pressure

v v v

H=100 ft H=100 ft

H=100 ft

S.G.=0.75 S.G.=1.00 S.G.=1.25
(A) Same head for different S.G.

v

Sy

v
o _—
H=133.3 ft
H=100.0 ft H=80.0 ft
:o-‘ v —0
p=43.3 ps1 | | p=43.3psi
S.G.=0.75 S.G.=1.00 S.G.=1.25

(B) Same discharge pressure for dfferent S.G.

623.0810 Pump Sump Design
and Pump Installation

Warning: Hazardsassociated with workingin con-
fined spacessuchasvaultsand sumpsinclude oxygen
deficient atmosphere, toxic gasses, and insufficient
workspace around electrical components. All persons
whowork around sumpsandvaultsshouldhaveap-
propriate safety training. The operation and mainte-
nance planshould address theneed for propersafety
training.

(@) Sump design

Apumping station should be located or sitedin such a
manner as to produce the most direct inflow possible.
Any location that produces asymmetrical flow into the
pump bays causes problems with circulation, uneven
velocity distribution, vortices, and generally poor
pump performance. Inordertooperateatitsdesigned
efficiency, to prolong the life of the equipment, and to
minimize operation and maintenance costs, these fac-
tors should be considered when locating and installing
pumps and motors/engines:

* Locatedtohave the most directinflow possible.

Foundation material that will support the
planned installation.

Proper alignment.

+ Easy access for inspection, operation, and main-
tenance.

Protection from the elements, insects, animals
andvandalism. In the case of covers or houses,
adequate headroom, without stooping, and work
area for servicing equipment should be provided.
Special provisions for removal and replacement
ofequipment should alsobe planned. For electric
motor installations, the control panel and other
electrical components should be enclosed in a
waterproof NEMA box orotherwise protected.

* Protection from flooding.

+ Location of the pump as close to the water sup-
plyaspossible.
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Proper pump sump design and pump installation are
critical to the long-term operation and maintenance of
the pumpingplant.

(b) Determination of sump dimensions

The dimensions and general layout of the sump must
fulfill a number of requirements.

A properly designed pump sump will minimize turbu-
lence, minimize influences of intake pipes and other
obstructions in the pump sump, provide proper intake
velocities, and prevent vortices. The selected design
must provide adequate horizontal and vertical clear-
ance and adequate approach conditions for the pumps
to be used. There are important layout and dimension-
al requirements for satisfactory pump performance

Limitvelocitiesin the sump toa maximum of 2 feet
persecondunlesshighervelocities arerequired to
minimize depositionortoaddressotherspecial condi-
tions. Grating or screens may be required where trash
or debris may enter the pump. Limit velocities through
grate or screen opening to 1 foot per second to mini-
mize plugging. Limit intake velocities to 0.5 feet per
second where entrapment or injury of fish is primary
consideration.

Horizontal clearances for rectangular wet-pit sumps
are generally satisfied if the distance between center-
lines of adjacent pumpsisequal to the sum of the suc-
tionbelldiameters (plusthethicknessofthedivider
wall), and if the centerline of each pumpis atleast one
suction bell diameter away from the nearest sump side
wallandthree-fourthsofasuctionbell diameterfrom
the rear wall (COE).

The principal factors involved in the determination of
submergence and vertical clearance requirements are
cavitation limits and the means to preclude the forma-
tion of sustained vortices. Adequate submergence of
the intake suction bell must be maintained and ade-
quate clearances must be maintained between the end
ofthe intake bell and the side walls and bottom of the
sump or intake structure. The impeller should always
becompletely submerged atthe startof pumping.

When water must be pumped from a well or a sump
of small cross-sectional area, the waterwilltend to
rotate, and this will interfere with the flow into the

suction line. This is particularly true in cylindrical
sumps or wells. A baffle placed on opposite sides of
the suction pipe and at aright angle to the rotation of
the water canreduce these effects.

Theintake pipe should belevel, plumb, orinthe case
ofcentrifugal pumpintakesinstalled onaslope, witha
uniform slope, upward from the source of water to the
pump (fig. 8—25). There should be no high spots where
aircan collect and cause the centrifugal pump tolose
itsprime. The inlet end of the intake pipe should be
suspended above the earth bottom of a stream, pond,
canal or other earthen structure. Construction of an
earthen sump in earthen structures can improve the in-
take characteristics of the pump. On horizontal intake
lines where areducer is used, it should be of the ec-
centrictypewiththestraightsectionontheupperside
of theline and the tapered section on the bottom side.

When pumping from rivers or streams with moderately
slopingbanks, the pump maybe mounted on pontoon,
skids, or on sloping timbers or tracks so that it can be
removed quicklyinthe event offlooding. This method
alsocanbeused wherethe waterlevelfluctuates
widely. With steep banks, it maybenecessarytobuild
afoundation platform secured to piling or to place the
pump unitonafloating barge orboat.

Manufacturer’s recommendations for sump design
shouldbefollowed,ifavailable. Special design con-
siderationsarerequired for morethanonepumpina
sumporothercomplicated pump sumpdesigns. One
reference for complicated sump designisthe Pump
Sump Design and Pump Installation ANSI/HI 9.8-1998
standard. Figures 8—73 through 8-76 give general rec-
ommendations for sump design.

Figure 8-73 shows typical installation for a circular
sump. If water fluctuates and there is a possibility of
lowheadontheintake pipe theintake pipe should be
installed with a hood as shown in figure 8-73. Figure
8-74 shows installation requirements specific for
propeller pumps. Figures 8-75 and 8-76 shows require-
ments for single and multiple pump installations in a
rectangular sump.
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Example 8-11—How to determine the maximum permissible suction head before cavitation is Ilikely to
occur.

Given:

Acritical cavitation parameter 0.12 wasobtained by a seriesof tests. Apumpistobeinstalled atalocation where
theabsolute pressureis 15 poundspersquareinch andthe vaporpressureis0.70 pounds persquareinch. Theunit
issupposed topump wateragainstaheadof 100feetatatemperature of 90 degrees Fahrenheit.

Find:
Determine the maximum permissible suction head before cavitation is likely to occur.

Solution:
Obtain the specific weight for water at 90 degrees Fahrenheit from a water properties table. From equation 8-15, H,
canbe solved as:

P-P
H=—2—*_cH

s

Y
(15-0.70)Ib/in*x144in*/ft*

T ~0.12x100ft

=21.21ft
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Figure 873 Typicalinstallation—single pump, circular

I Ssump

.i Pump/gearhead

Ground
surface \
|_— Pump column/
« 1 suction intake pipe
I A4 . A4
= \ J =
Inta}ke submergence _+_
Submer_genc D|ID|D without hood ~ 4]\3 | x
4D (min) Velocity 2 ft/s (max) :/ +
e —

D — 21t (typical) Intake submergence

TETorTT, with hood~2D

T Concrete/metal
base

Figure 8-74 Wall and floor clearances required for propel-

s ler pumps

ANV]  Minimum water O/\ A
level while
pumping v
]
: Sump —p
Single-stage sidewall
propeller
4P oap
Submergence &2 x
depth
. "D”/2
Suction Sidewall —
bowl clearance
v \
L 1
b et
1 11
Floor clearance ng;gg; i Sump floor

Manufacturer;s recommended clearances for propeller pumps

Pumpssize Submergence Sidewall Floor clear-
(in) depth: A clearance: B ance: C

8 2ft2in 12in 7in

10 2ft6in 15in 8in

12 2ft9in 18in 8in

14 3ft0in 21in 12in

When two pumps are used, the clearance between pumpbells
shouldbe 33,41, 50and 661inchesfor 8,10, 12,and 14 inch pumps,

respectively.

(210-VI-NEH, Amend

Figure8-75 Typicalinstallation—single pump, rectangu-
s lar sump

-
aﬁ Pump/gear head
-

Ground level

5D (min) ——————p

| ¢——— Pump column/suctionintake

I

<

Submergence A
A o
4D (min) " - Velocity 2 ft/s (max)
.- -
L e
- KD
I | —
D ! 3
htulitN P r L i [l
CI R L L LTSNy
T ey BN RELAIT “-‘li"' L e ':"1

Figure 8-76 Typical installation—multiple pumps, rectan-

s cularsump

4
D/3\
A D Pump column/suction intake pipe
4
D

y

‘tD Intakebell

A N :
L DRI IR A

- 5D (min) >
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623.0811 Pump controls and
appurtenances

This section describes electrical controls and appurte-
nancesfor pumps. Partsofthis section were furnished
by courtesy of the Irrigation Association. Thisisfor
generalinformationonlyandisinnowayallinclusive
ofthe different controls and componentsthatcan
bepartofatypical pump station. Theintentisnotto
provide detailed wiring and hook up instructions. All
electrical connections should to be done according to
localcodes and by alicensed electrician. In addition,
this material is generally for small pump applications.
Large pump stations for agriculture, golf courses, or
other sites require special control packages that are
notcovered here.

(a) Starters, relays and contactors

(1) Starters

Starters are relays, and are typically a combination
of several devices: contactors, magnetic starters, and
overload relays (fig. 8~77). The magnetic starter is a
relay and solid-state starter is a combination switch.
Thedifferencebetweenthe magneticandthe solid-
state starteris that the solid-state starter is designed
to slowly ramp up the voltage to the motor sothata
voltage spike does not occur and blow fuses. Thisis

used on higher-amperage motorsandisalsocommon-
lyusedinapumpingapplicationtocontroltheamount
of surge thatisplaced on a system when pumps are
first started in a open unloaded condition.

(2) Relay

The primary role of the relay in regard to pump con-
trolsisto startthe pump. Arelayisbasically a switch
that allows alower voltage signal to close a circuit of
highervoltage.

Irrigationcontrollersdonotputoutenoughvoltage

or amperage to run a pump. Controllers typically run
about 24 volts and about 1 to 2 amps, which is enough
toactivate arelay. The 24 volts from the controller
terminal board energize the relay, which in turn closes
aswitch thatallowsthehighervoltageneededbythe
pump to flow through the relay to the pump motor.
Pumps that have a high current and voltage require-
ment need heavier duty relays called magnetic start-
ers.

Relaysareratedbythevoltsand ampstheyneedto
activate,andthevoltsand ampsneededbythe pump.

Therelayinfigure 8-78 hasasingle poleand a double
throw meaning it can throw to one of two positions.
The most common relay usedinirrigationisadouble
pole—double throw. The number of throwsisthe num-
berofseparate positionsthatthe switch canadopt.
Asingle-throw switch hasone pairofcontactsthat

Figure 877 Pump starter and overloads (courtesy of the
s [rrigation Association)

Figure 8-78 Typical relay control circuit.
——

o

)
\Switch Relay _— Pump O

24 Volt 240Volt
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can either be closed or open. A double-throw switch Figure 8-79 Typical contactors
has a contact that can be connected to either of two
other circuits. The number of polesis the number of
separate circuits which are controlled by a switch. For
example, atwo pole switch hastwo separateidentical
setsof circuits controlled by the same switch.

Sometimes we refer to these as contactsinstead of
poles. Theyarealsolisted by the termsnormally open
ornormallyclosed. Thisdefineswhatpositionthe
switchisin whenitisnotactivated. A schematic will
always show the relay in a de-energized state. Relays
come in many different pole and throw (or contact)
configurations to meet many different pumping and
control needs.

(3) Contactors

Contactors (fig. 8—79) serve the samerole asrelaysbut
for higher voltages. The typical relay used in residen-
tialandsmallcommercial applicationsisnotratedfor
the voltage and amperage of larger pump motors.

Insomecases, bothrelays and contactors are used.
First the relay is activated, which in turn activates the
contactor. The contactor then activates the pump.

(b) Safety features

(1) Thermal auto reset relay

Thethermal autoresetrelay servesasasafety cutoff.
It heats up when high voltage/amperage conditions
aremet and breaks the circuit thenit cools down and
resets itself. Figure 8-80 shows an electromechanical
overload relay.

(2) Limit switches

Limitswitchesare used mostoftentoshutthe pump
downincaseconditionsthatarehazardoustothe
pump or pump motor exist.

Alow water level switch is commonly used where a
pumpisdrawingoutofa pond ortank and the water
level may drop too low. This switch will cut the power
to the pump in case of low water.

A flow switch (fig. 8-81) can be used to activate or
deactivate apump based on sensed flow conditions
inthe system. In abooster pump situation, once flow
isdetectedinthe system, the flow switch turnsthe
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Figure 8-80 Typical thermalauto reset relay (courtesy of booster pump on. Another application is to cut power
e—  [rrigation Association) to the pump if the flow is too high or too low in the
system.

A pressure switch is used to cut off power to the pump
if the system pressure is too high or too low (fig. 8-82).
Itisinstalled atthe discharge of the pump. One way to
wire thisis to hook it up to the same double pole-dou-
blethrowrelaythatisusedtoactivate the pump.The
differenceisthatitis hooked tothe normally closed
position ascompared to the normally open position.

Anoil pressure switch is used to turn the pump offin
case an engine-driven motor has an engine oil pressure
drop. Thisis done with a kill switch onthe engine.
These switches are often latching, which means the
switchesneedtobe manuallyresetaftertheytrip.

Figure 8-81 Flow limit switch (courtesy of Irrigation Figure 8-82 Pressure switch
e Association) —
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Atime delay switch allows a time limit to be set before
a switch activates. This is so that a temporary reading
from one of the installed safety devices does not cause
the pump to shut down unnecessarily.

Alarmsareaddedtolimitswitchesandorrelaysto
providetheenduserwithavisualoraudiblealert
that something is wrong with the system. Some more-
sophisticated alarms actually take action based on
presetinstructions. A list of some of the more com-
mon alarms are:

* highpressure

* low pressure

* no flow

* high flow

+ low oil

+ low fuel

Figure 8-83 Fusesinstalled in a control panel
——
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(3) Fuses

Fuses are used on every system. There are several
types and combinations. In addition, fuses may be
used together with circuit breakers. The purpose is

to protect the electrical components and to protect
theuserfrombeingelectrocuted (fig. 8-83). The most
common fuses used with pumpsare:

* Thestandardfuseisthe mostbasic.Itsimply
breaks the circuitifa high flow of voltage and
amperageoccurs,anditisinstalled atthe power
source for the pump motor. It has to be replaced
afteritblows.

* Thefast-actingfuseisdesignedtoblowimmedi-
ately, to protect sensitive equipment.

* Theslow-blow fuse is set to blow after heating
up. Thelargerthe motor, the longerthe slow-
blow fuse will take to blow. Essentially, a slow-
blow fuse requires a sustained high amperage
condition to blow.

* Thecircuitbreakerispartofthecontrol panel
andistypicallyrequired by code.

(c) Other controls and appurtenances

(1) Timers

Timers do just like their name suggests. They simply
allow the user to dictate when power will or will not
be allowed to the motor. Timers are useful for operat-
ing an irrigation system according to the schedule in
theirrigation water management plan.

(2) Pump motor ground

Pump motors need tobe grounded to earth in two
places. First, thereisathird wirein the power wire
going to the pump that hooks up to the pump motor.
Second, thereis a ground post on the motor casing
thatshouldbeconnected toanearth ground.

(3) Phase monitors

Phase monitors are relays that monitor the incoming
power wires, typically on 240 or 480 volt systems (fig.
8-84).Ifthe phase monitor senses a voltagelossora
voltagereversalconditioninanyofthethreephase
wiresor voltage legs, it breaks the control cable to the
relay.
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(4) Safety disconnect awitch

Thesafety disconnect switchistypically partofthe
electrical control panel. It automatically cuts the pow-
er if the door is opened to protect people from shock.

(5) Foot valve

Afoot valveistypically located at the end of the suc-
tionintakeonacentrifugal pump. The functionofthe
foot valveisto keep the intake line full once it is filled
or primed (fig. 8-85).

(d) Variable-frequency drives for electric
motors

When asingle pumpisrequired tooperateovera
range of flow rates and pressures, standard procedure
1stodesign the pump tomeetthe greatestoutput
demandofboth flow and pressure. Forthisreason,
pumpsareoftenoversized and willbe inefficient when
operating at conditions other than the design point.
This common situation presents an opportunity to
reduce energy requirements by using control methods,

Figure 8-84 Phase monitor (courtesy of Irrigation As-
s soclation)

Figure 8-85 Typical foot valves
——
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such as a variable-speed drive (VSD). Since modulat-
ing the frequency of the power supply is one way of
controlling the pump speed, the variable-frequency
drive (VFD)istypeof VSD.

AVFDisanelectronicsystemthatconverts ACto DC
power and then simulates AC by modulating the fre-
quency of the pulses of power supplied to the motor,
thereby changing its speed. The primary reason VFDs
are installed is for energy savings. Applications where
energy savings might result using a VFD can generally
bedividedintothreebasiccategories:

* constant pressure/head-variable flow
* constant flow—variable pressure/head

* variable flow—variable pressure/head

Constant pressure/head applications include those
where pressure is maintained at some desired point
regardless of flow rate. An example would be where
several center-pivot sprinklers are supplied by a pump
from a single well. One or more pivots would operate
atatime,therebyvaryingtheflowrate. Astheflow
ratechanges, thehead will move up or down the pump
curve. The same pressure would be required regard-
less of how many pivots were operating (fig. 8—86).
Savings would be realized by operating at the design
pressure and not wasting or burning offexcesshead

through pressure regulators or some other pressure
controls. With a VFD, there is also the possibility of
operatingin a more efficient are of the pump curve.

Constant flow applications require flow toremain
constant regardless of changes in pumping head and
pressure. Aflow meterisusually employed asameans
of sensingtheflowrate and sending afeedback signal
tothe VFD to control motor speed, accordingly. One
example would be where a well experiences draw-
down over the irrigation season. At the beginning
ofthe season, the waterlevelinthe wellisnear the
surface,andastheseasonprogresses,thewaterlevel
drops. The pumpissized forthe maximumdrawdown
and thusis oversized for much of the season. By add-
inga VFD, thetotalhead developed by the pumpcan
be adjusted as the drawdown changes (fig. 8-87).

Variable flow—variable pressure applications oc-

cur where both the flow and pressure changeinthe
system. An example might be a farm with multiple
systems of wheel lines and pivots operating off of one
ormultiple pumps. Therecould be any combination
of systems operating at a time with varying elevation
requirements for the different systems. Figure 8-88
displays pump and operation curves representing this
condition.

Figure 8-86 Constantpressure—variableflowapplication
——
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Ifthe purposeofinstallinga VFDis power savings,
several factorsneed tobe considered, including mo-
tor efficiency and motor loading. Aslong as the motor
operatesintherange of 60to 100 percentload factor,
the efficiency curve is relatively flat. When loading
drops below 60 percent, motor efficiency begins to
dropand willdroprapidlyataround 40 percentload.
With variable-speed drives, the motor may operate
inaninefficientrangebecauseofthechangesinthe
motorload. Inthiscase, use of a VFD may not actually
resultinanenergy savings. A case study showing how
tocalculate the powersavingsfrominstallinga VFDis
shown in example 8-12.

The process of converting AC to DC then back to an
ACwaveformisnot 100 percent efficient. Heatis gen-
erated, whichisanenergyloss. Asuggested efficiency
rangefor VFDsis95t0 98 percent. The pulsed nature
ofthe current may alsocause harmoniclossesin the
motor for another drop of about 1 percent efficiency.
For design purposes, an appropriate estimate of effi-
ciency for VFDsis 97 percent.

(1) Other purposes
Other reasons VFDs are installed besides for power
savingsinclude:

* soft start/stop option
*+ singletothree phaseconversion

* Dbalancing an open delta three phase supply to
prevent overheating the motor

* improved process control

Figure 8-89 shows a typical pump panel containing a
VFD.

(2) Disadvantages and potential problems
Potential problems encountered when installing a VFD
onanexisting systemcaninclude damagetothe
motorbearingsorinsulation duetoexcessiveinduced
electricalcurrentinthe motorshaft, aswellassystem
instability dues to harmonics and resonant frequencies
with the designed configuration.

VFD electronics are subject to environmental factors
that maynotbeaconcernforconstant-speed units,
but that can contribute toward equipment malfunc-
tion.Someoftheenvironmentalfactorsthat mustbe
considered are temperature, humidity, and elevation.

Consideration must also be given to VFD reliability,
maintenance costs, and skills of available maintenance
personnel. Additionally, the completed package must

Figure 8-88 Variable pressure—variableflow application
——
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Figure 8-89 Variable-frequency drive and pump panel
s near Nampa,ID
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beconsideredasaunit. Avariable-speed drive unit
canconsistofamotor by manufacturer A, aninverter
by manufacturer B, and system control hardware and
interface to inverter by manufacturer C. The VFD sup-
plierneedstoassumeresponsibility for the total pack-
age. Thebestinterests of the customer are served if
theyonly haveoneentity toapproach when problems
withoneofthecomponentsinterrupts pump opera-
tion and water supply.

Cavitation can significantly decrease pump perfor-
mance and may even damage a pump. Reducing the
pump speed with a VFD can have a positive effect on
reducing cavitation, but increasing pump speed

will negatively affect pump suction performance and
increase the risk of cavitation damage. A thorough
investigation should be conducted on the effects of
an increase in pump speed beyond normal operating
speed.

(3) VFD design considerations

Inthedesign process, itisnot unusual fora VFD to
beratedfor more horsepowerthanthenameplate
horsepower of motor being driven. Thisis done to
compensate for the service factor of the motor and the
efficiency ofthe VFD, and, if drives are oversized, it
tends to minimize voltage distortion and interference
with other electrical equipment.

Care should also be taken tonot select a VFD too

large, as the VFD output might exceed motor specifica-

tionsandcause motorfailure. Consultthe motorand
VFD manufacturers to prevent oversizing of the VFD.
When using the VFD for single-phase to three-phase
conversions, the typical procedureistousea VFD
rated at twice the size of the motor.

Because incoming power may have irregularities, line
filters mayberequired for VFDsboth for theincoming
and outgoing lines (fig. 8-90).

Most agricultural applications can be considered
outdoor installations. Dust, dampness, rodent damage,
and heat are the leading causes of VFD failure. VFDs
also generate significant heat that must be dissipated.
Cool,cleanelectrical componentslastlongerand
perform better. VFDs are rated for a specific amperage
and voltage at a specified temperature. An increase in
temperature will see a dramatic drop in VFD efficiency
and may require installation of a cooling mechanism.
Ambient air temperature must be typically between 32

and 104 degrees Fahrenheit. Adequate sunshades or
pump houses may help with the cooling requirement.

Other factors that may affect VFD efficiency include
radio frequency or stray high-frequency signals, line
voltage variation greater than £10 percent, line fre-
quency variation greater than +2 hertz, and altitude
greater than 3,300 feet (1,000 meters). Consult the VFD
manufacturer to determine the impacts of site-specific
conditions.

Figure 8-90 Variablefrequency drive withinputlinefilter
eessss—— near Kimberly, ID
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Example 8-12—Center-pivot sprinkler with a declining water table, VFD case study

Given:

Waterissupplied tothe pivot from a single well. The pumping lift from the well ranges from 50 feet at the begin-
ningoftheirrigation seasonto 185feetattheendoftheseason. The pumpingplantisavertical turbine pump with
an electric motor and runs at 1,770 revolutions per minute. The sprinkler irrigation system is a low-elevation spray
application (LESA) pivotsystemonrelativelylevel ground with the pivot pointlocated 5feethigherthanthe well.
Itisnozzled for 750 gallons per minute at 36 pounds per squareinch (groundlevel at pivot). Pressure Regulators
setat 15 pounds per squareinch areused onthe system tocontrolflow rate during the season. Sprinkler heightis
4ftaboveground. Thesprinklerirrigates 122 acresofcornwith anetirrigationrequirementof24inchesannually,
and the power costs are $0.07 per killowatt hour. The sprinkler operates close toits design point at the end of the
season.
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Find:

Input horsepower for end-of-season drawdown. Then determine an alternate VFD pump curve for the beginning of
theseasonandresultinginputhorsepower. Comparedifferenceintheyearlyoperatingcostswithouta VFD and
witha VFD.The VFD wouldbeoperating 50 percentofthetime atthe startingTDH and 50 percentattheending
TDH.

Solution:
Calculate TDH at the beginning and end of the season.

TDH results:

Season start Endofseason
(£t (v
Static lift 25 25
Drawdown 25 160
Pivot pressure 83.2 83.2
Column and discharge friction loss 4.8 4.8
Elevationfrom sell to pivot 5.0 5.0
Mainline friction losses 17.7 17.7
Total 160.7use 161 295.7use 296
8-98
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Example 8-12—Center-pivot sprinkler with a declining water table, VFD case study—continued

The pivotapplies 1.66 acre-inch perhour (750 gal/min x 60 min/h/7.481 gal/ft3/43,560ft%/acx 12in/ft=1.66ac-in/h)
Thisisagrossamount. Areasonableefficiency fora LESA systemis 92 percent. Thenetapplicationis1.52acre-
inchperhour.

The estimated seasonal hours ofoperation are 1,926 hours (24 in. with sprinkleron 122 ac: 122acx24in=2,928
ac-in/1.52 ac-in/h=1,926 h)

Without VFD

The maximumrequired TDHis 296 feetandthe system wouldoperate atthispointyearround. Earlyinseason,the
excess pressure would be dissipated by the pressureregulators. The required water horse poweris (eq. 8—3)

_ 750 gpm x 296 ft (TDH)
- 3,960

whp =56.06 hp

Selecta deepwell turbine pump with 8—inch column pipe. Operating point 750 gallons per minute at 37feethead
perstage,and 1,770r/min. Numberofstagesneeded—296 feet divided by 37foot head stageis 8stages.

Impeller efficiency from pump curve equals 80.5 percent. Use equation 8—11 to figure bhp

whp

Eff,
 56.06

805
—69.64bhp

bhp=

Selectfrom table 8—12 efficiency, for a standard efficiency motor,0f 91.7 percent. Useequation 8—13 todetermine
the powerinput for the motor.

69.64 hp .746 kw
X
917eff | hp

power input =56.65 kW

Estimated annual operating cost is:

Cost=56.65kW x 1,926 hx k$0-07

= $7,638 /season

Withouta VFD orsome other type of variable speed control, excess pressure isburned up through the valve and
pressure regulators to maintain proper pressure and flow rate.
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Example 8-12—Center-pivot sprinkler with a declining water table, VFD case study—continued

WithVFD

Usetheaffinitylaws (eq. 8—4) toplot new pump curves using the pump curve provided by the manufacturer.

rpm,= /ﬂzxrpm1
Hl
[161

= |— x1,770
296

=1,305

Merely plugging anew valueforr/minintothe affinitylaw formula willnot work because the new pump curve must
passthrough thetwopoints, thenew head and new Q; the affinity law will give you a curve that passes through one
point. The 1,305 r/min would be thelowerbound and the real curveis somewhere inbetween. The solutionisitera-
tive,anditcantakealittlebitoftimetofind therightcombination. A spreadsheetcanhelp streamlinethe process.
Byplottingaseriesof pump curvesthesolutionisestimatedat 1,490 r/min.

Alternate pump curve

R/min
1,770 (end of season) 1,490 (start of season)

Q H Q H

460 368 387 261
582 350 490 248
621 340 523 241
700 320 589 227
781 280 657 198
830 256 699 181
880 232 741 164
945 200 795 142

Then plot the estimated operating or system curve and estimate the pump efficiency. The original efficiencies are
obtained from the manufacture’spump curve. Thenew efficienciesareestimated fromtheoriginalcurveand move
downward andtotheleftsimilartothepumpcurves. Theresultant graph willlook similartothefollowing graph.
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Example 8-12—Center-pivot sprinkler with a declining water table, VFD case study—continued
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The efficiencies at the various TDHs are:

TDH =296 ft—efficiency
=80.5%

TDH=161ft—efficiency (from graph)
=T74%
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Example 8-12—Center-pivot sprinkler with a declining water table, VFD case study—continued

The VFD adds another efficiency loss. The default efficiency value for a VFD is approximately 97 percent. Horse-
power and energy input for the two conditions are calculated using equations 8-3, 8-11, 8-12, and 8-13:

End of season:

Bhp =QxH/3,960/eff /effv,
=750%296/3,960/.805/.97
=71.8 hp

Power input =.746 xbhp/eff
=71.8/.917x.746
=58.41 kW

Seasonstart:

Bhp =Qx H/3,960/effp/effvfcl
= 750 x 161/3,960/.74/.97
= 42.48bhp

Power input  =.746xbhp/eff

=42.84/91.7 x .746
=34.56 kW

The actual energy costisbased upon the percent of the total hours that the systemisoperated at each condition, in
this case take an average of the two. The seasonal cost would be:

Adding a VFD results in a savings of ($7,638—$6,267) = $1,371 per season

The annual or seasonal savingsis compared to the cost of the VFD to calculate the payback period. With this ex-
ample, it is difficult to determine whether installing a VFD is justified on power savings alone.
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623.0812 Cost of irrigation
pumping

(@) Introduction

The engineer may be called upon to compare costs of
different types of pumping installations, particularly
theuse of different kinds of powerunits. Theirriga-
tion pumping costsinclude not only the power cost,
butalsothecapital costs for pumps, motors, engines,
wells, gear drives, and necessary structures, plus the
costs for operation and maintenance. For planning
irrigation systems and estimating production costs,
planners often look at average annual pumping costs,
but the hourly cost of operation or the cost per unit
water application depth may be more useful in mak-
ing economic decisions within the irrigation season.
This section addresses only the costs of pumping.
Water, delivery, and field application costs should be
addressedinabroadereconomicanalysisoftheirriga-
tion system.

Through consultation with manufacturers and review
of past installations, close estimates of equipment

and construction costs canbe prepared sothatactual
pumping costswillbe withinlimitsacceptabletothe
producer. Fuel, maintenance, and labor costs associat-
ed with a pumping system are readily calculated using
engineering and economic references and information
from cost databases.

Pumpingcostscanbe groupedintothreegroups: vari-
ablecosts, fixed costs, and taxesand insurance. Taxes
andinsurance (eventhough they arefixed costs)usu-
allyhave minimal effectonoverallpumpingcostsand
arenotaddressedinthissection.

Variable costschange from season toseason. These
costsvarywith theamountofwater pumpedand
include costs for energy, operation, and maintenance.
Typically, the most significant variable cost is for
power todrive the pump. Seasonal crop water use and
hours of pumping are the basis for estimating annual

operating costs for pumping plants. Local irrigation
guides and the National Irrigation Guide provide
information necessary for estimating crop water
requirements and efficiencies for water conveyance
and irrigation applications. Inefficiencies of the water
conveyance and irrigation application systems can
significantly affect total variable pumping cost.

Fixed costs areincurred evenifthe pumpisnotin
operation and consist of the capital investment in the
physical components of the pumping plant and recur-
ring service costs, plus taxes, interest charges, and
depreciation. Physical components of the pumping
plant include motor and engine, structures necessary
to the pumping plant (housing, foundations, sumps,
vaults, etc.), wells and well casings, plumbing, electri-
cal components, and provisions for fuel availability
(fuel storage facilities). Recurring service costscan
include electrical demand charges, for example.

(b) Electric motors and energy costs

Power consumption for electric-motor-powered
pumps was described in NEH623.0808(h). To calculate
the costof pumping usethefollowing equationsand
procedures.

(1) Power costs based on duration of pumping
The hourly and annual calculation of pumping power
costs can be determined using the equations 8-20

and 8-21. Anexampleofthecalculationsisshownin
example 8-13.

[ kW)(cost)
Hourlypowercost:(iph) 0.746
k hp J \LkWhJ
(eq. 8-20)
where:
iph = 1input horsepower tothe motor
Cost/kWh = charge for electric power

Annual power cost=(thp)(0.746 kW/hp)
(cost/kWh)(hours of operation)

(eq. 8-21)
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Example 8—13—Determining annual pumping cost for electric-motor-powered pump

Given:
Bhp=40

Electrical power cost=$0.08 per kwh
Decimal motorefficiency=0.94 decimal efficiency =94%
Annual hours of operation = 2,350
Find:
The hourly power cost of pumping

The annual power cost of pumping

Solution:
Use equation 8-13 to determine ihp, then use equation 8-20 to determine hourly pumping costs.
( ( Whp) )
b= LPump efficiency x motor efficiency J
40
T 0.94
=42.56hp
Hourly power costof pumping = (1hp) 0.746 KW ( Cost)
( th Lkv\th
=(42.56h ) 0,746V (80.08)
L ‘hp. L kWhJ
=$2.54
Using equation 8-21: KW ( cost)

Annual power cost= (lhp) 0.746" " jannual operating hours)

kWh
= ($2.54)(2,350 h)
= $5,969

Note: The costs donotinclude standby power (the charge for the availability of electricity), nor the investment
anddepreciation costsofthe pumpingfacility.
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Example 8—14—Determining energy costs per acre-foot pumped

Given:
Grosswaterapplication=32.5inchesperacre

Cropped acreage=40acres
TDH=115feet
V-belt drive, efficiency = 93%
Motor efficiency = 90.1%
Pump efficiency = 71%
Energy cost =$0.075 per KWH
Find:
Kilowatt-hours per ac-ft pumped
Energy cost per acre-foot
Annual energy cost
Solution:
Calculate kilowatt-hours per ac-ft pumped using equation 8-16:
KWh _ ( (TDH)(1.023)
acftpumped  \(PEff.)(ME)(DEf))

_(115) (1.0%3)
~(.71)(901)(.93)

kWh
ac-ft

=197.75

Energy cost per acre-foot using equation 8-22:

Energy cost _(197.8kWh) ($0.075)
ac-ft ac—ft ) L kWh
_ $14.83

ac—ft

Annual energy cost using equation 8-23:

Annual energycost =

32.5 inches \( 40 acres)( 1 acre—foot )

(M\(

L acre-footJ year

=$1,606 per year
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The cost of energy per acre-foot is then calculated
using kWh per acre-foot as defined equations 8-22
and 8-23. Anexampleofthe calculationsis shownin
example 8-14.

Energy cost per ac-ft= (kWh per ac-ft)(cost per kWh)

(eq. 8-22)
Annual energycost=
(total ac-ft for year) (kwh/ac-ft) (cost per kwh)
(eq. 8-23)

Note: The accuracy of cost estimates are limited by
theaccuracyofestimatesor measurementsofpump-
ing rates, pumping volumes, total dynamic head, and
efficienciesfor motor, pump, and drive.

(2) High efficient motors

Since a higher capital investment is required for in-
creased motor efficiency, the annual energy savings
with a high efficient motor should be evaluated. The
power savings offered by replacing alower efficiency

motor with a higher efficiency motor canbe calculated
withequation 8-24:

Annual cost savings = (0.746)(bhp)

(cost/kWh)(annual operating h) r_ 1 )
Eff,,, Eff,, J
(eq, 8-24)
where:
Eff,;; = decimal efficiency of the motor with the
lowerefficiency.
Eff,;, = decimal efficiency of the motor with the
higher efficiency.

Example 8-15 shows how to use equation 8-24 tocal-
culate savings from higher efficiency motors.

(3) Economic evaluations

The choice of a lower cost standard efficiency motor,
an intermediate cost energy efficient motor, or higher
cost premium efficiency motor warrants an economi-
cal evaluation that addresses system component life,

Example 8—15—Determining annual energy savings from using the higher-efficiency motor

Given:
Motor Eff, =92.4 percent

Motor Eff,=94.4 percent
Annual operating hours =2,350
Brake horsepower (bhp) =50
Electricity cost=$0.09 perkwh

Find:

Annual energy savings from using the higher efficiency motor

Solution:
Using equation 8-24:
Annual cost savings = (0.746) (bhp)(COS t) }annual operating h)( ot !
LEWH LEﬁ Eff

=(0.746)(50bhp )($0.09/kwh)(2,350h)

=180.89

( 1 M1 M2

1
L0.924 0.944]

Note: The savingsof $180.891san annual savings. The processtoevaluate this savingsoverthelife of the motor

willbe coveredinsubsequentexamples.
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interest rates, energy program rebates, annual hours
of operation, motor efficiency,and energy rate esca-
lation. Several economic approachesto selection of
pump motors and engines are provided below. Similar
processes can be used in selection of other system
components.

Payback period—A simple approach at evaluating cost
effectivenessisto determine the payback period, or
thetime period required forrecoveryofthe additional
capital investment. Payback period (years) is the

cost difference of the two motor options divided by
the annual power savings. For producers, acceptable
payback periods mayvary based onthe amountofrisk
they are willing to assume, but a maximum payback
period of 3 to 5 yearsis commonly used. Payback
periodis applied when making a choice between two
options with differing initial investments and differ-
entannualreturnrates. Disadvantages arethatactual
application of payback period is somewhat intuitive, it
ignores the time value of money, and it does not con-
siderbenefitsthatoccurbeyondthe payback period.
Payback periodisbest used tocomplement more
advanced methodsofeconomicanalysis.

Tocompare an energy-efficient motor to a lower-cost
standard-efficiency motor having higher energy inputs
(assuming all other factors are equal), the payback
period is calculated using equation 8-25:

Payback period, years=
(cost of motor,, —cost of motorg )

(annual energy cost; —annual energy cost,; )

(eq. 8-25)
where:
Cost of motory; =motor cost for energy-efficient
motor
Cost of motorg =motor cost for standard-efficiency
motor

Annual energy costg, = annual energy cost using the
standard-efficiency motor

Annual energy costy, = annual energy cost using the
energy efficient motor

Presentvalue and future value methods—Present and
future value functions provide a meaningful compari-
sonof cash flows occurring at different pointsin time.
Presentvaluefunctionsequatefuturecashflowstoa
present sum, while future value functions equate cash

flowstoavalueatafuturepointintime. Theequations
for present and future value calculations are usually
presented in a simplified notation using the following
variables:

= presentvalue, dollars

= futurevalue, dollars

= uniform periodic payment, dollars

= numberofcompounding periods (number of
days, months, or years)

5 > g

The units for the time periods for A and n must be
identical (if Aisin dollars per month, then n mustbe
thenumber of monthsthatthe paymentperiod covers)

Present value uses the discount rate (interest rate for
an alternative investment) to determine the amount of
money required today to cover the costs of hardware,
operation, and maintenance of an investment over its
expectedlife. The discounting of future annualcosts
for electricity and maintenance provides the invest-
mentrequired today to coverthose future costs. In
cost comparisons, the most cost-effective option isthe
onewiththelowest presentvalue. Thediscountrate
usedineconomicanalysisshouldeitherbethehigher
of either the lowestrate at which money can be bor-
rowedorthehighestrateofreturnavailable for which
the risk is acceptable.

In present value equations, the unit of time for interest
mustbe the same unit for the total time period. For ex-
ample,iftheinterestrate,i,isexpressedasamonthly
rate, thelifeoftheinvestment,n, mustbe expressedin
months. If the interest rate, 1, is expressed as an annu-
alrate, thelife oftheinvestment,n, mustbeexpressed
inyears.

Thepresentvaluefactorisaper-dollarfactorthat
canbemultiplied by the annual recurringcostto
determine the total dollars required today, necessary
tocover recurring payments for period of time n, if
invested at the specified annual interest rate, 1. Unless
otherwise specified, within thissectiontheunitsof
timefornwillbeinyears, and theinterestrateiwill
be expressed as an annual rate.

Note:Ifnisexpressed in months, theinterest, i, must
be expressed as a monthly rate (or one-twelfth of the
annualrate). Ifnisexpressedinyears, theinterestis
expressed as an annual rate.
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The present value factor for a regularly recurring cost
(uniform-series present worth) is calculated using
equation 8-26:

Presentvalue factor = [P
LA,n,iJ
|r1—(1+i)’“7|
I
(eq. 8-26)
where:

P/A= representsthepresentvaluefactorofauni-
form seriesof payments, A

n = timeperiodofconsideration (typicallythe
expectedlife of the equipment under consid-
eration)

1 = Iinterestratein decimal percent

Using this relationship and applying the present value
factorfor a seriesofuniform paymentsyieldsequation

8-2T:
PO
pv=allj ' )l
i

hlu-0+ I eqs2
where:
PV = presentvalueofaseriesofequal payments
A = amount of each uniform payment
1 = interest rate for the payment period
n = numberof payments

Theportionoftheequationinbrackets,

ety

isthe present value factor for a series of uniform pay-
ments, A.

Atable of present value factors for an annual series of
equal payments is provided in appendix C, table 8-C1.
Inthetable,the annual payment (A)issetequalto1
dollar, and the present value is then calculated by mul-
tiplying the present value factor by the dollar amount
of the annual payment. Similar tables for other types
of present valuefactors are available in economic ref-
erences or can be developed using a spreadsheet.

Initialcash expenditureis a presentcostandcanbein-
cluded in the economic evaluation using equation 8-28

Alql . ﬂ

PV=C+_|_| "~

HIU-04) )] (eq 829
where:

C = presentcost(presentvalue)ofaninitial
expenditure, dollars (noadjustmentof Cis
necessary)

A = amount of each uniform payment

1 = interest rate for the payment period

n = number of payments

Ifspecificitemshavedifferingratesofinterest, the
present value of each item must be individually cal-
culated. Note that in equation 8-28, initial cost, C,
isalreadyapresentvalueandisnotadjustedbythe
present value factor. Example 8-16 demonstrates the
method of calculating present value.

Estimates for useful life and maintenance costs for
pumping plant components are provided in table 8-8.
Bysubstituting theusefullifeinyears, for the value of

n in equation 8-28 and the estimated annual cost for
the value of A, the present value cost of each compo-

nentcanbe calculated. The present value of compo-
nents with differing useful lives must be determined
separately. An example with differing component lives
will be demonstrated in a later example.

Futurevalue factor—The future value (FV) of an
investment is determined by multiplying the present

value (PV) oftheinvestmentby afuture value factor.
In equation 8—29, the expression (1+i)" is the future
value factor for an 1nves€ment. The nominal periodic
interest rate (i.e., rates quoted by lenders) has inflation
factoredintothe quotedrate. Rates are often ex-
pressedinannualterms, andinthatcase,theperiodn
would be expressed in years. If monthly interest rates
are used, n would be expressed in months. Toexpress
an annual interest rate as a monthly interest, the an-
nualrateisdividedby12.

(P n
L)F,n,iJ:P(1+

(eq. 8-29)

8-108 (210-VI-NEH, Amend. 78, January 2016)



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

Futurevaluewith inflation—While interest rates
increasethefuturevalue of money,inflation, orthe
upward movement in price of goods and services, de-
creasesin the future value of money. The effect of the
inflation factoristoreduce some presentvalue (PV) to
the future value (FV) as determined by equation 8—30,
below. In equation 8-30, j is the periodic inflation rate
andnisthenumberofperiods, applied similarly to
thefuturevaluefactorforcompoundinterest, above.
Anegativeinflationrate would be used torepresenta
period of deflation (the downward movementinthe
cost of goods and services).

(E ) _p
,n,1 =
lp

) (1+)"
Twocommon measuresof priceinflation and deflation
arethe Consumer Price Index (CPI) and the Pro-
ducer Price Index (PPI). The CPIis a measure of the
change in price for a specific set of consumer goods
andservices, such asgasoline, food, clothing, and
automobiles. The CPI measures price change from the
perspective of the purchaser. The PPI measures the

(eq. 8-30)

averagechangeovertimeinthesellingpricesreceived
by domestic producers for their output. The pricesin-
cluded in the PPI are from the first commercial trans-
actionfor many products and some services. Although
bothindices areused asameasureofinflation, the PPI
isconsidered more accurate. Datafor CPIand PPIcan
be obtained from the U.S. Bureau of Labor Statistics.

By combining the present value factor for interest with
the present value factor for inflation, a single formula,
equation 8-31canbeusedtoexpresstheircombined

effects. r .
(1+1)
FV=PV | . (eq. 8-31)
[(1+) ]
where:
FV = future value of an item
PV = present value (year zero)
1 = Interest rate
n = time period
j = inflation rate

Table 88 Useful life and annual maintenance costs for pumping plant components

—
Item Estimated useful life Annual maintenance
) (yr) (% initial cost)

Well and casing 20 0.5-1.5
Plant housing 20 0.5-5
Pump, centrifugal 32,000-50,000 15 3-5
Pump, turbine:
Bowl(s)—about 50 percent of cost of pump unit ~ 16,000-20,000 8 5-7
Column plumbing etc. 32,000—-40,000 15 3-5
Power transmission
Gear head 30,000 15 15
V-Dbelt 6,000 4-8 5-7
Flat-belt, rubber and fabric 10,000 6-10 5-17
Flat-belt, leather 20,000 8 5-7
Electric motor 50,000-70,000 25-35 1.0-3.0
Diesel engine 28,000 1422 14-22
Gasoline or distillate engine

Air-cooled 8,000 8-12 8-12

Water-cooled 18,00 10-16 10-16
Propane engine 28,000 14-22 14-22

Sources: USDA-NRCS. 210-NEH, Section 15, Chapter 8, Cost of Pumping

Wade and Borman. Economic Considerations for Florida Citrus Irrigation Systems. Univ. of Florida, IFAS (2003)
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There are real and nominal rates for interest and for
price escalation. The real interest rate (or discount
rate)isone that excludesthe effects ofinflation.

Toavoid erroneous conclusions in economic analyses,
donot mix the use of nominal rates (i) with real rates
(i"). Indicate clearly in supporting documents whether
nominal or real rates are used.

By definingthefactorforthereal discountrate,i’,as:

[
G
then,

FV=PV(1+i")"

_PV glﬂgj
)|

]

Therealrateofreturnreflects the effect of making
future payments on an investment with cheaper (in-
flated) dollars. The derivation equation 8-32 provides
1", whichisthereal cost of borrowing determined in
constant dollars: ]

1"=_-

1+] (eq. 8-32)

where:
i
)
v

interest rate
inflation rate
real interest or discount rate

(4) Escalating energy costs
Atrendinrecentdecadesisthatenergy costsescalate
at a greater rate than inflation. Rising energy costs can
beevaluated by applyingamodification ofthe pres-
entvalueformulatoaddressenergycostincreasesas
an escalating uniform annual payment or the present
value of an increasing annuity.

Theenergyescalationrate, e,canbe determined from
historical energy prices. However, as with the discount
rate,1, theeffectsofinflation areimbedded withine.
Inaprocess similar tothat for removing the effects of
inflation to determine the real discount rate, the real
rate of energy escalation, e, is determined.

The real energy escalation rate is then:

e,_e—l
1+) (eq. 8-33)

If a database of prices of energy is known over a pe-
riod of time, the rate of price escalationis derived us-
ing the future value equation 8-33, and substituting the
rateof price escalation, e, for theinterestrate, 1. The
manipulation of the equatiolns provides equation 8-34.

(B

(eq. 8-34)
where:
e = annual rate of energy cost escalation
F = futurepriceofenergy
P = presentpriceofenergy
n = thetimeperiodoverwhichFandPareevalu-
ated, years

Note: If the time period is expressed in months, the
escalation rate will be expressed in monthly terms.

Iftherateofinflationis known, the real rate of price
escalationcanbedetermined fromfuel marketprices
reported in current dollars. The determination of
therealrateofthe energy escalation,e’,isshownin
example 8-17.

The decision toinstall one motor over anotherisa
decisionoften encountered by engineers. Take, for
example, anelectric motor versusa diesel engine for
powering a pump; the analysis must address not only
theinstalled cost of each power drive, but also differ-
ing maintenance requirements, life of components,
and cost escalation for both diesel fuel and electricity.
Typically, the costof other structures, such aswells,
sumps, and plumbing, will be the sameforboth. The
following descriptionusesthenominalratesfordis-
countrate andinflation, butrealratescould be usedin
their place. An example of calculating price escalation
rates is shown in example 8-17.

Two equations are provided. Equation 8-35 is for the
situation in which the interest and escalation rates are
not equal. Equation 8-36 applies when the interest rate
equals the escalation rate.
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Example 8-16—Present value calculation using constant interest rate

Given:
The cost of a standard efficiency motor=CSE = $4,500

Annual electrical power consumption = $15,000

Motorlife=20years

The cost of a high efficient motor=CEE=$5,500

Annual electrical power consumption for standard-efficiency motor = $14,250

Motorlife=20years

Interest,i=4percent

Assumeallothercostsareequal (installation, maintenance, and motorlife) for the twomotors.

Note: The use of 20 years for motor life is for example purpose only. Expected motor life varies due to motor oper-

ating conditions (annual hours of operation, percent of full load operation, ambient temperature, etc.).

Find:
Determine the more cost effective alternative.

Solution:
Using the present value formula, equation 8-29:

Standard efficiency motor High efficient motor
15.000/ 1| 14 250[ l
PV,=4,500+ 11— » PVg,=5,500+_"""|1-_ 1 4
0.04 | (1+0.04) | 0.04 | (1+0.04) |
=$208,354 ~$199.162

Or,fromtable 8—C1,for (i=4%,n=20) the present valuefactoris 13.5903.

PV,; =$5,500 +14,250(13.5903)

PV, =$4,500+15,000[13.5903]
=$199,162

= $208, 354

Conclusion: Comparing options, the energy-efficient motor has a lower present value than the standard-efficiency
motor and is therefore more cost effective considering the cost of power over the 20-year life.
The cost savings for the HE optioniscalculated as:
Costsavings=PV,—PV
=208,354-199,162
=$9,192
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r( 1+e) ( (1+e)V ] forize BVE®" present value of a series of escalating annual
PV=C+A — 1- —
|LLj_e)|k kl—kiJ )|J| payments
(eq. 8-35) C = presentcostofthe electric motor or engine
eq. .
A = currentannualcostofenergy (diesel, elec-
PV=C+A(n) forize (eq. 8-36) tric, natural gas, gasoline, etc.)
' e = real energy price escalation rate
i = interestrate (inflationisincluded in the inter-
est rate)

Example 817—Rateofpriceescalation

Given:
Diesel fuel cost $1.50 per gallon on January 1, 2003
Diesel fuel cost $2.29 per gallon January 1, 2009
Theannualrateofinflation overthisperiod wasestimated at 2.5 percent,orj=0.025

Find:
The energy price escalationrate, e, for diesel fuel for the given time period
Therealrateofenergy priceescalation, e’ (inflation removed from rate)

Solution:
Solving for therate of energy price escalation, e:

Usingequation 8-34with F=$2.29, P=$1.50,n=6years—

1
(5 -
°=lp

=0.073 annual rate

Therealrateof energy price escalation, e’

Usingequation 8-33—

,_e=]

€= 1+)
~0.073-0.025
~1+0.025

=0.047 annual rate
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Theenergy costescalationrate,e’,thatshouldbe (c) Nebraska Pumping Plant Perfor-
usedinthe abovetime value of money calculations mance Criteria

istherealrate of escalation thatexcludestherate of

general price inflation. Example 8-18 Sh_OWS how to Personnel at the University of Nebraska developed
calculate the present worth with escalation. Present a set of performance standards for pumping plants
value factors derlved using equations 8-35 and 8-36 (table 8-9). Comparison to the Nebraska criteria indi-
canbefoundinappendix D, table 8D—-2 (Rushln.g etal. cateshowwellthe pumping plantisperformingand
201.1)- Example 8-18 ShOWS how energy escalatlon‘can candetermineifexcessenergyisbeingused. Depend-
beincluded in comparison of the two motors used in ing on the amount of energy used, a decision may be
example 8-14. made regarding adjustments, repairs or replacement.

Example 8-18—Present value of motor with escalating annual cost of energy

Given:
Cgr= $4,500 = standard-efficiency motor cost
Agp=$15,000/year = current annual energy use for standard-efficiency motor

UHE = $5,500 = energy-etficient motor cost

Agg = $14250/year = current annual energy use for high-efficiency motor

n 20 years = electric motor life (same for both motors)

i 0.04 (4%) =interest rate (or alternative rate of return)

e 0.03 (3%) = asthe escalating rate of rise for energy cost

Find:

Compare the two motors. Determine the most cost-effective option and energy savings for an energy cost esca-
lationrate of 3 percent.

Use the modified uniform present value function to make the comparison.

Solution:
Applying equation 8-35 for the modified uniform series present value of an annual series, the present value is:

1+e\( l+e\")]
The discount factor, | (- | 1—[ ) | [=18.0986

LLi—eJ\ 1+i )J

Applyingthe discount factortothe twoconditions:

Standard efficiency motor High efficiency motor
PV=C,,+(A,,)x (Discoutfactor) PV=C,+(A,;)x(Discout factor)
=$4,500+(15, 000)(18.0986) =$5,500+(15,000)(18.0986)
=$275,979 =$263,405

The high-efficient motoris the most cost-effective option for this case. The cost savings of the HE optionin present
dollars is calculated as:

PV, - PV, =$275,979- 263,405
= $12,574
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The Nebraska Pumping Plant Performance Criteria
(NPC) represents the performance level that can be
expected from a properly designed and maintained
pumpingsystem.Itisacompromisebetweenthe
most efficient pumping plant possible and the average
pumping plant. Therefore, some pumping plants will
exceed the criteria.

Nebraska criteria are expressed as the water horse-

power (whp) produced from a unit of fuel for 1 hour
and can be represented in the units of whp—h/unit of
fuel. The performanceof any pumping plantisrepre-
sented by the same units. Performance is calculated
by dividing the water horsepower produced by the fuel
consumption of the pumping plant.

A percentage rating can be determined by comparing
the pumping plant's performance to the NPC criteria.
Thisisaccomplished by dividing the performance of
the pumping plant by the NPC performance criteria
(eq.8-37). Forexample, a diesel producing 75 whp
andburning 6 gallons per hour would have a perfor-
mance of 12.5 whp—h/gal (75 whp/6 gal/hr) comparing
thistothedieselcriteriaof12.5whp-h/galresultsina
rating of 100 percent. This pumping plant has met the

criteria. If this plant had been consuming 8 gallons per
hourof diesel, its performance would be 9.4 whp—h/

gal (75 whp/8 gal/hr) and its performance rating would
be 75 percent (9.4 whp—h/gal), divided by (12.5whp—h/
gal). Inthiscase, the pumpingplant would be perform-
ing below the criteria, using unnecessary fuel (2 gal/h).

NPPC rating(%)=
( measured pumping plantwhp-hrperunitof’ fuel )

J(IOO)

(eq. 8-37)

( NPPC whp-hr per unit of fuel

(1) Criteria versus overall efficiency
Theperformancerating should notbeconfused with
the pumping plant’s overall efficiency. They are not
thesame. Overallefficiencyistheratioofthe energy
output of the pump (water horsepower) compared to
the energy used; whereas, the performance rating is
the ratio of the performance level of a pump compared
to the standard performance criteria. The performance
rating fromthecriteria does, however,relatetooverall
efficiency ofthe pump. For diesels, apumping plant
withaperformanceratingof 100 percentequatestoan
overallefficiency of 23 percent (table 8—9). The diesel

Table 89 Nebraska Pumping Plant Criteria (NPC) for energy sources

—
Energy source  Engine bhp-h V Pumping plant Fuel units Overall efficiency ¥
per fuel unit whp-h 2.3 (%)
per fuel unit
Diesel 16.66 12.5% gallon 23
Gasoline 11.5 8.6 gallon 17
Propane 9.2 6.89 gallon 18
Natural Gas® 82.2 61.7 1,0001t3 (mcf) 17
Electricity ¥ 1.18 0.885 kilowatt hour 668
(kWh)

1/ bhp-h (brake horsepower hours) is the work accomplished by the power unit with drive losses considered. Thisis the

horsepower that drives the pump.

2/ whp-h (water horsepower hours) is the useful work accomplished by the pumping plant.

3/ BasedonNebraska Pump Criteria 75-percent pumpefficiency.

4/ Efficiency given for electricity is wire to water efficiency, which is calculated at the pump site. Liquid or gas fuel is based

on average BTU values.

5/ Criteriafor dieselrevised from 10.94 to 12.5in 1981 to better reflect the engine efficiencies of diesel powered pumping

plants found in the PUMP project.
6/ Assumesenergy content of 925 BTU/cubic foot.
7/ Assumes 88—percent electric motor efficiency.

8/ Overall efficiencies vary from 55 percent for 5 horsepower to 67 percent for 100 horsepower.
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pumping plant had a performance rating of 75 percent,
however,itisnot 75 percent efficient. Rather,if one
wishestobase the performance on overall efficiency,
thepumping plantwouldbe considered 17 percent ef-
ficient (0.75 x 23% = 17%).

Remember, performance criteria are basically an index
sothat pumping plants canbecompared toone an-
other. The performancerating canbeused torate the
pumpingplantonascaleof1to 100, with 100 meaning
the criteria have been met. For those pumping plants
thatexceed thecriteria, theindex goesbeyond 100.

Where pump efficiencyisnotequal to 75 percent, the
water horsepower-hours produced perunitoffuelcan
be estimated by multiplying the actual pump efficiency
by theinputhorsepower-hoursfrom the second col-
umn in table 8-9.

Drivelossefficienciesarebuiltintothe energy use
values for NPC. Pumping plant efficiency calculations
may be skewed if a close-coupled pump is compared
to a deep well with a shaft of several hundred feet and
its associated bearing friction losses. The drive effi-
ciency for the deep-well turbine will be lower than for
theclose-coupled pump. Example 8—19 showshow to
determine the engine rating as compared to the NPC.

(d) Internal combustion engines and fuel
costs

Aninternalcombustionengine (ICE)isoftenchosen

to power pumps where:

* Electricity orother power sources are not readily
available.

Electric rates are extremely high.

* Availability of electricpowerisnotreliable
(power outages common).

* Pump portability is desired.

Typicalfuel choicesfor ICEsinclude diesel, gasoline,
propane, and natural gas. Their greatest variable cost
foranICEisfuel. For maximum fuel economy, the
throttle setting ofthe engine shouldbe selected such
thattheload under whichitoperatesiswithinthe
manufacturer’s power range recommendation. The
compression ratio of an ICE has a marked effect on
therateoffuel consumption. Properengine operation
and maintenance is also critical for achieving maxi-
mum engine fuel efficiency. Among ICEs, propane-
powered engines probably have the greatest variance
infuel consumptionbecausetheyoperateundera
wide range of compression ratios. The Nebraska

Example 8—19—Determination of engine rating according to Nebraska Pumping Plant Criteria

Given:

Testresultsonapumping plant powered by anatural gasengine showsit produces 80.8 hp-h output per mef (1 mef
is 1,000 ft3). The energy content of the natural gas is 975 BTU/ft3.

Find:

Whatistherating for the engine, as a percent ofthe NPC? (Determine for engine only, do not consider pump).

Solution:
(11.2 5)(( actualhp-houtput )

actual BTU/ft? )

(80.8)

=93.2% of NPPC rating

(1OO)=11'25\975J(100)

Note: Theratingislowerthan 100 percentofthe NPCrating,indicating some engine adjustments shouldbe

considered.
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Pumping Plant Criteria (NPC) are given in table 8-9
for modern enginesin good operating condition with
pump operating at 75 percent efficiency.

A rating below 100 percent means that adjustments
might provide better fuel economy. The cost of the
adjustments should be weighed against fuel savings.
The NPC values are not maximum criteria, but rather
criteriafelt tobe acceptable for most conditions.

Some pumping plants may exceed the NPC. An exam-

pleof calculating the output per unit of fuel is shown
in example 8-20.

(1) Fuel costs
Wherefuelusageismeasuredingallonsperhour,fuel
costs can be estimated by equations 8—-38 and 8-39:

Fuel cost/h=
(bhp)(fuel consumed, gal/bhp/h)(fuel cost, $/gal)
(eq. 8-38)
Total annualfuel cost=
(eq. 8-39)

(cost per hour)(total hours operated)

(2) Diesel

Energy is often measured in British Thermal Units
(BTU), and the energy content of No. 2-D diesel fuel is
typically about 130,000 BTU per gallon, but can vary
by as much as 5 percent.

Example 8-20—Internal combustion engine output energy per unit of fuel

Given:

Apump operates at an efficiency of 82 percent (determined from pump curve). Itis powered by a properly
tuneddiesel enginein good condition. From table 8-9, the diesel engine and drive outputisassumedto
produces 16.66 horsepower-hour of energy per gallon offuel, and fuel costis $3.00 per gallon.

Find:

Waterhorsepower-hoursper gallonoffuel consumed.

Waterhorsepower-hoursper dollarof fuel cost.

Solution:
Water horsepower-hours per unit of fuel:

pumpoutputenergy _ 82( 12.5 bhp'h}

unit of fuel

100 L gal of diesel

~10.25 whp-h
~ gal of diesel

Waterhorsepower-hoursperdollaroffuelused:

(10.25whp-hr |  82( 12.5 bhp-hr )
L gallon of dieselJ B 10_0L gallon of dieselJ

=3.41 whp-hr/$

Notes:

Thepumping plantusedinthisexample exceedsthe NPC standard due tothe high efficiency of the pump

(greater than 75 percent).

Similarcalculations canbe performed tocompare costs for other fuel types.
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Horsepower

Giventhe BTU contentof dieselfuel, and the conver-
sion factors, diesel power can be related to horsepow-
er and pumping costs with equations 8—40 and 8—41.

1 gallonof diesel = (130,000 BTU) (k 1 hp )

2,545 BTU
=51hp-h
(eq. 8-40)
cost per ac-ft pumped =
0.026877 (TDH)($/gallon diesel)
(pump efficiency)(drive efficiency)(engine efficiency)

(eq. 8-41)

(3) Natural gas

The methane content of natural gas is typically 85
percentto95 percentmethane (CH,) withthebalance
composed of ethane (CH,), propane (C;Hg) and other
gasses. An energy content of 925 BT'U per cubic foot

1s assumed in table 8-9, but BTU content of natural
gascanrange from 900to 1,150 BTU per cubicfoot,
depending on the proportions of the mixture. Although
autility company’s price for natural gasisoften ex-
pressedin dollars per thousand cubic feet (mcf), the
priceisbased onthe BTU content of the gas. In esti-
matingthecostofnatural gasenergy, consult thelocal
utility provider for price and BTU content. Maximum
efficiency of operation requires the air-fuel mixture of
natural gasenginestobeadjusted forthespecificBTU
content.

A natural gas with BTU content other than 925 BTU
per cubic foot can be compared to NPC standards us-
ingthisrelationship:

%of NPPCrating=
( NPPC BTU/ft’

\NPPChp-hroutput)\  actual BT/ J(100)
(eq. 8-42)

\( actualhp-hroutput)

Using NPC data for natural gas from table 8-9, the
equation becomes:

%of NPPCratingofnaturalgas=
( 11.9 5)( actualhp-hroutput)

10
{ actual BTUIR J( 0)

(eq. 8-43)

(4) Internalcombustion engine maintenance
The cost of grease is negligible for both electric mo-

{orsardengines felnsdinited primarily io dxixg ine

changes (for both fuel and oil) can be significant for
engines, especially where operation is continuous and
the total dynamic head is high.

Oilchangeintervalsof 250t0 500 hours of operation

are be common for diesel engines, but oil change
frequency should be based upon manufacturer’s rec-
ommendations rather than a generic schedule. Due
tothecleanlinessof mostnatural gasfuel, oilchange
intervals for natural gas engines are often in the range
of750t0 1,500 hours. However, wherethenatural gas
isoflow quality (i.e.,high contaminantcontent, such
as hydrogen sulfide) more frequent oil changes are
advised.

Gear drive maintenance is necessary, but usually is
neither costly nor time consuming. Right-angle gear
drives (gearheads) used with engine powered pumps
may requireoilchangeintervalsof 2,500 hoursof oper-
ation or at least every 6 months (consult manufacturer
for recommendations). For most irrigation systems,
theirrigationseasonislessthan 6 months,and 1oil
changeperyearissufficient. Oilchangesshouldbe
morefrequentindustylocationsorwherehightem-
peratures degrade oil quality.

Always consult the manufacturer’s recommendations
for oil and filter service information.

Repaircostsaredifficulttoestimatesincetheytend
toincrease with the age of the equipment. The cost of
repairs is largely affected by engine quality, total hours
of operation, and quality of maintenance.
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(e) Life-cycle cost analysis

Life cyclecost analysis (LCCA)isused toevaluate the
cost of investment alternatives over their service life.
This approach works well in economies where ex-
pected future income and alternative investment rates
are predictable with reasonable certainty (e.g., stable
commodity prices and stable interest rates). During
periodsofhigh uncertainty or of low availability of
investment capital, decisions may rest on application
of apayback period analysis. The processfor LCCA
involves the integration of’

* initial capital investment costs
* operation, maintenance, and repair costs
* replacement costs

* residual or salvage values

Where the service lives of the individual components
arenotequal,useanevaluationtimeperiodthatisthe
least common multiple (LCM) of those individual ser-
vicelives. The LCM evaluation periodisnotthe period
oftimethattheinvestment mustbeownedinorder for
the cost comparison to be valid. Costs for removal,
repair, replacement, and salvage values should be
included in the evaluation. For example, a pump with
al5-yearlifeand amotorwith a 30-yearlife would
require anevaluationperiodof30years(30istheleast
common multiple of 15 and 30). The cost for a new
pump, orforrepairofthe existing pump, along with
the costs associated with removal and replacement,
would be factored in at the end of the fifteenth year.
Where two alternatives are evaluated, the evaluation
period would be the least common multiple of compo-
nents from each alternative. It should be noted that the
LCM number of years may be far beyond the planning
horizon oftheirrigator, butthatnumberisonlynec-
essary to provide a comparative evaluation. Due to
uncertainties, decisionmaking is usually based on a
payback period that is substantially shorter.

The present value (PV) of a future cost (FV) is calcu-
latedusingthefollowing formula, whereiisthe peri-
odicinterestrate, andnisthetimescheduledreplace-
mentor repair of components canbe calculated using:

py -V
(1+1) (eq. 8-44)

The equation is often displayed in a shorthand form:
(P/F,1i,n). Units of time for n and i must be the same.
Forexample,iftheinterestrateisin percent peryear,
theunitsfornmustbeyears. Iftheinterestrateisa
monthlycompounded rate, the units forn mustbe
months). Table 8D—3 provides present value factors
derived using equation 8—44.

(1) Comparing two alternatives: diesel power
versus electric power

The decision toinstall an electric motor or a diesel
engine for powering a pumpiscommonly encountered
by engineers. The analysis must address not only the
installed cost of each power source, but also differ-
ing maintenance requirements, life of components,
and cost escalation for both diesel fuel and electricity.
Typically, the cost of other structures such aswells,
sumps, and plumbing will be the same forboth. Ap-
pendix 8E contains an example of how the LCCA s
used tocompare a pumping plant powered by electric-
ity and diesel.

(f) Unit abbreviations and conversion
factors

Table8-10givesofthecommon abbreviationsand
unitsusedinthissection ofthe manual.
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623.0813 Pumping plant
maintenance

The information in this section is excerpted from
The New Mexico Irrigator’s Pocket Guide, published
by the National Center for Appropriate Technology
(NCAT), January 2006. Reprinted with permission.

A properly maintained pumping plant will minimize in-
put power requirements and operating expenses while
maximizing system life and overall performance. The
performancelifespanofthe plantcanonlybeachieved
bydeveloping and carrying outaneffective operation
and maintenance program. A record of operation and
maintenance activities should be maintained to docu-
ment maintenance and repair measures completed.

(a) General recommendations

In general, preserve all appropriate pumping plant
componentsingoodoperating condition adhering to
manufacturer's recommendations. Pumping plants

may include components such as internal combustion
engines, electric-powered motors, drive shafts, belt
drives, gear drives, pumps, agitators, pipes, valves, and
other appurtenances. An operation and maintenance
plan that addresses site-specific components and fa-
cilities should be prepared for use by the operator. The
planshould provide specificdirections withregardto
operating and maintaining equipment and facilities to
ensurecorrectfunctionofthe pumpingplant. Theplan
shouldinclude procedurestoaddressthefollowing, as
a minimum:

* Disconnect electrical service just before retrofit-
ting any kind of electrically driven equipment,
and confirmthe absence of stray electrical cur-
rent.

+ Ensure all safety features are in place and peri-
odicallyinspecttoaccessfunctionality.

+ Examine or check all pumping plant elements
and appurtenances, as appropriate.

+ Follow manufacturer’s startup instructions and
proceduresforoperationofthe pumpingplant.

Table 8-10 Abbreviations and units

—
Abbreviations
kilowatt-hours kwh total dynamic head, feet TDH
cubic foot ft3 acre foot ac-ft
gallons gals horsepower hour hp-hr
horsepower hp brake horsepower bhp
water horsepower whp thousand cubic feet mcf
high efficient electric motor HE revolutions per minute r/min
standard-efficiency electric motor SE open drip proof (electric motor) ODP
overall pumping efficiency OPE totally enclosed fan cooled (electric motor) TEFC
National Electrical Manufacturers Association NEMA vertical turbine pump VTP
least common multiple LCM Energy and Security Act EISA
Energy Policy Act EPAct high-efficiency electric motor HE
Conversion factors:
1-acre-foot 43,560 ft3 lhp 0.746 kw
1 gallon 7.48ft3
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Carryoutscheduledupkeepofallmechanical
components (power unit, pump, drive train, and
so forth) in accordance with manufacturer's
recommendations.

As applicable, check for fuel and lubricant leaks
ofthe power unit, fuel storage facilities, and fuel
lines, frequently . Repair as needed.

Maintain adequate flow capacity to the pump-
ing plant by periodically checking and removing
debris, as necessary, from trash racks and inlet
structures.

Ensure design capacity and effectiveness by
regularly removing sediment in suction bays.

If applicable, inspect and service all antisiphon
devices.

Ensure all automated components of the pump-
ing plant are operating as designed by regular
examination and assessment.

Examine and service secondary containment
facilities, as applicable.

Preserve goodworkingconditionofgrounding
rods and wiring on all electrical equipment.

Safety shields should be checked and serviced on
pumps, motors, and other electrical and mechan-
ical equipment.

Check (andrepair whennecessary) basesand
mountings for all pump, motor, engine, and gear
drives to ensure durability and ability to hold
the pumping plant components in place without
vibration.

Ensure leakage meets manufacturer's recommen-
dations by replacing, repacking, or tightening
pump seals as needed.

When winterizing, all pumps, pipes, and valves
thatare subject tofreezing shouldbedrained. A
noncorrosive antifreeze solution should be added
topartsofthesystem thatcannotbe drained.

Maintain constructed grade for pumping plant in-
let structures and adjacent natural or construct-
edchannelsbyreplacingweathered ordisplaced
rock riprap.

Avoid water ponding around the pumping plant
by reshaping surface drainage as needed.

* Vandalism, vehicular, and livestock damage to
appurtenances, foundation, support structures,
or earthen areas surrounding the plant should be
fixed immediately.

* All rodents or burrowing animals around the
pumping plant should be eradicated or otherwise
removed. Any damage caused by their activity
should be immediately repaired.

(b) Pumping plant maintenance of spe-
cific components

Each irrigation system needs normal maintenance to
run efficiently and dependably. Inadequately main-
tained systems squander energy and money and are
prone to equipment failures that cause harvest deficits
aswell asyield cutbacks.

Warning:Recommendationsincludedinthissection
arenotcomplete and may notbe appropriate for all
systems. Seek advice from owner’smanualsforsug-
gested servicing methods. Always adhere to manu-
facturer’s recommendations if they differ from those
incorporated here.

(1) Electric motor

Relative longevity of the motor, lower maintenance
costs, reliability,and ease of operation are benefits

of electric power. An electric motor (fig. 8-91) can be
operated from noload to fullload withoutreceiving
damageandalsowilldeliverfull powerduringitslife.

Figure 891 Electric motor powering a turbine pump at
messssssmn  [LSU Rice Research Station near Rayne, LA
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Mountingboltscanvibrate loose. Makeitahabit to
frequently check thatthe motoris securelybolted to
its platform. Make sure that the motor or other parts
are not receiving damage from rubbing or rotating
parts.

An electric motoris an air-cooled piece of equipment.
Itneedsasmuchventilation aspossible. Reduced mo-
torlifeiscaused by excessive heat. Protect equipment
from overloads, undervoltage, and excessive heating
by installing safety devices.

When possible, prevent weather damage to electric
motorsbyprotectingthem fromtheelementsand
keepingthem dry. Check pump packingandkeepitin
good conditionto protect motor windings. Mineralsin
pumped water can, through evaporation or precipita-
tion,attachtowindingsandcauseearlyfailureevenif
windings are protected from moisture. Higher-speed
motors and pumpssustains more wear,forexample, a
motor that operates at 3,600 r/min versus one operat-
ing at 1,800 r/min. As a result, regular servicing is even
more critical for the higher-speed components.

Maintenance tasks
At season startup:

Clean out rodents, insects, and debris and re-
movetapeonall openings.

Locate and clean out the motor drain hole on the
base or base support so water will not be trapped
under the airintake.

Following manufacturer recommendations, clean
theoilpanandchangeoilinreduced-voltage
starters.

Wear eye protection when removing dust and
debris from moving motor part using vacuum
suction or air pressure (do not exceed 50 1b/in2 of
air pressure).

Periodically:

* Grassanddebrismustbeclearedfromtheair
ventilation opening on the motor. Make sure
thereisalsoaclearareaaroundthe motortoal-
low cooling air to have an unobstructed flow.

Motor ventilation screens and openings need
checking. As necessary, replace with machine
cloth (1/4-inch mesh).

Atend of season shutdown:

* The motor needstobe covered with a water-re-
sistant breathable tarp to protect the motor while
maintaining air circulation to prevent condensa-
tion.

Motor electrical system

Connectors expand and contract during the year due
to wide temperature fluctuations. This can cause elec-
tricalconnections (especiallyinaluminum wire) to
loosenandcauseheatbuildupandarcingatelectrical
terminals. A motor will operate at less than its rated
voltage due to voltage drop across loose connections,
increasing internal motor temperature. Motor winding
insulation will break down from increased heat, add-
ing tothe possibilities of electrical shorts and motor
failures. Decreased motorefficiency canresultfroma
loose or broken connection causing animbalance in
three-phase power and potentially damage to motor
windings.

Warning: Perform lock-out/tag-out procedures and
ensure powerisoffatthe utility disconnect switch
before conducting maintenance tasks on any system
servedby electrical power. Testcircuitsand equip-
ment to make sure they are de-energized. Mechanically
lock the system to the off position and tag it so others
know not to restore power until safe to do so. In some
locationsit maybenecessary tohavethe utility com-
pany shut the power off.

Figure 8-92 showsalock-outdevicethatallows mul-
tiple workers to individually prevent restoration of
power (up to six locks for the device shown).

Maintenance tasks
At season startup:

Examine insulation of motor windings. Check
with a motor repair shop for direction if the
windings are excessively grease-covered.

Following manufacturer’s directions, inspect all
safety switches.

Twiceayear:

+ Electrical connections from meter loop to motor
should be examined for corrosion and cleaned if
necessary.
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+ Cleaning should be done with an antioxidant that
meets electrical code requirements. The wiring
(especially aluminum) and connectors should be
coated with the antioxidant.

+ Tighten and, if necessary, retape electrical con-
nections from the meter loop to the motor.

* Wireandconnectionsthatshowheatdamageor
burntinsulationneedtobereplaced with new
material.

Motor bearings

Following manufacturer instructions, grease the mo-
tor.Motor speed, powerdraw,load, ambient tempera-
tures, exposure tomoisture, and seasonal orcontinu-
ous operation will affect interims between lubrication
(table 8-11). Over or undergreasing bearings may
cause unnecessary damage. Avoid greasing electric
motors daily.

Electric motor bearings require grease specifically
for electric motors. A grease gun should befilled with
electric motorbearing grease and labeled soit won’t
beconfused with othertypesoflubricating grease.

Caution: Ifowner’smanualsinstructions differ from
these guidelines, follow lubrication instructions in
owner’s manuals. Some motor bearings, especially
newer motors, may have sealed bearings that cannot
be greased.

Maintenance tasks:
Eliminate any accumulated moisture by changing
grease at recommended intervals:

+ After removing bottom relief plug, ensure pas-
sageway 1s clean by removing hardened grease.

+ Using the appropriate API number of grease and
grease gun, fill the housing until old grease is
expelled.

Caution: Donot overlubricate the motor. Stop adding
greaseandhavethe motorinspected by a qualified me-
chanicifold greaseisnot expelled as the new grease
ispumpedin. The motorcould overheatand haveits
service lifereducedif seals are blown and grease is
pushedintomotorwindingsbyadding new grease
without old grease being removed.

* Remove all surplus grease through the bottom
grease portbyrunning motor5to 10 minutes.

+ Afterturningoffthe motor,remove asmall
amountofgrease fromthe grease portusinga
screwdriver or similar device. This allows for
grease expansion during full-load operation.

* Replace grease plug and tighten.

Figure 8-92 Lockout and tagging of power switch
|

Table 8-11 Recommended regreasing periods for motors

—
Horsepower range

Type of service 1-9 10-40 50-150

Normal duty 8 mo. 6 mo. 4 mo.

(8—hour day)

Heavy duty 4mo. 3 mo. 2 mo.

(24-hour day)
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(2) Control panel maintenance

(i) Control panel safety precautions

The main disconnects should neverbe used to start or
stop a motor. Itis not designed for this purpose. Ex-
cessive wear to the main disconnect may come from
usingittostartand stop the motor. Thiswear may
cause arcing. The start and stop button was designed
for this purpose.

Have utility companies clear the overhead lines to
your control panel’s service of obstructions from tree
branches or other items.

Have a qualified electrician check your panel (fig. 8—
93) to make sure that:

* Fusesofthecorrectrating, size, and type are
used to protect control circuits.

* Themeter and motor side of the buss and break-
er are protected with a properly installed light-
ning arrester. The arrester should be installed
in a secure box to protect personnel in case of
explosion.

* The service panel is independently and properly
grounded.

* Goodcondition service head grommets arein
place.

Figure 8-93 Pump control panel near Nampa, ID

At season startup and periodically:

+ Examine insulation at electrical conductors.
Contact a motor repair shop if insulation appears
impaired by high temperatures.

* Inspectcontrolpanelandcontactanelectrician
ifstray voltageisover 5volts.

* Replace and repair wiring damaged by rodents.

+ Ifthe lighting arrestor functions and has been
damaged, there is a possibility the control panel
is carrying a charge. If the lightning arrestoris
mounted on the outside surface of the panel,
alwaysexamineitsconditionbefore touchingthe
control panel.

(ii) General maintenance

Amegohmmeter (megger)isused tomeasureelectri-
cal resistance and detect potentially harmful moisture
in windings. Have your electrician or pump mainte-
nance person examine the control panel, motor, con-
duits,andotherelectrical connectionswithamegger
device.

Ifthe main disconnect switch has been left open or off
for even a few hours, copper oxide can form, resulting
in poor contact and overheating. Operate the switch
several times before leaving it closed or in the on posi-
tion. Poor contact or poor grounding can be caused

by any type of corrosion and resultin direct or high-
resistance shorts.

When testing electrically powered equipment with a
volt meter, takenote ofthe subsequentcaution. These
g0-no go parameters are altered from some standards
which may have previouslybeen used or seenin other
sources.

Warning: Use a voltmeter to make one or the other of
the following test before opening a control panel:

+ Inspect metal elements that are being worked
with for voltage between the component (con-
trol panels, pumps, and structural components)
and the systems electrical ground rod. Voltages
greater than 0.5 volts measured between a mo-
tor, exterior ofthe control panel, or structural
componenttotherodisnotnormal and might
point to a difficulty with the electric equipment
or wiring.
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+ Ifthevoltmetersleadsarenotlongenough
tomeasure from the metal componenttothe
groundrod, analternate wouldbetomeasure
voltagefromthe metal componentstoearth
(soil), commonly called stray voltage. Depend-
ing on conditions around the system, an amount
above five volts to the earth (soil) might be a
warning of a possible problem with the electrical
supply system, onsite electrical wiring, or equip-
ment. Contactthe powersupplieroran electrical
professionalifthe voltage to earth (soil) is above
5volts, toexamine the systembefore any further
testing is done.

Ifthereisany question about the safety of the control
panelorother equipment, WALKAWAYAND CALL
A QUALIFIED ELECTRICIAN. Have the power
supplierorutility disconnect the powerifneeded.
Always play it safe!

(iii) Maintenance tasks
At season startup:

+ The power switch should be in the off position.
Thefusesshouldnothavebeeninstalledyet.Itis
important that this be checked before startup. All
fusesthat wereremoved atthe end of the previ-
ousseasonshouldbetested toensure thatthey
arenotblown.

Clean all dirt, dust, and grime from contacts. Use
afinefile or very fine sandpaper toclean copper
contacts. Badly pitted orburnedcontacts should
be replaced. Silver or silver-plated contacts
shouldneverbefiled. Leave contactscleanand
dry so dust won’t collect.

* Check magnetic starter switch contact points, if
theyareatallaccessible.

* Throughouttheseason,thedrainholeshouldbe
inspected tomake sureitremainsfree of debris,
rodent droppings, insects, and other animal or
bug nesting material and debris. This stepis a
mustbeforestartingatthefirstofthe season.

+ System shouldbe properly checked before in-
stalling fuses.

+ Neverusefusesthatare too short for fuse brack-
ets.

* Operate the disconnect switch slowly to check
foralignmentofbladesandclips.

+ Oxidationonthecontact pointscanbecleared
by opening and closing the disconnect switch
several times.

* Fuseswiththewrongratingshouldnotbeused.
Make certain replacement fuses have the correct
rating for the intended load and protection

* Installfuses,checkforstrayvoltage, andfollow
system startup procedures.

Atend of season shutdown:

* Check thatswitches are in the off or open posi-
tion.

* Lockthe panelinthe off position. Prevent acci-
dental startup, vandalism, and corrosion by fuses
(store fusesin a dry location).

* Moistureanddustarehardonthesystem, so
make sure to protect exposed control boxes with
a waterproof tarp.

(3) Internal combustion engine

Habitably inspect mounting bolts to make sure the en-
gine is securely bolted to its platform. Engine vibration
can loosen bindings. Frequently inspect coolants, oil
levels, fuel, and fan belts. If coolant or oil level is low,
examinelinesforseepage.Inspectinjectors andfuel
linesforleakageondiesel engines. Recordallmainte-
nance for engines.

For internal combustion engines (fig. 8-94) running on
diesel:

Figure 8-94 Internal combustion engine gauges
——

8-124 (210-VI-NEH, Amend. 78, January 2016)



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

+ Keeptrackofoil changes.
Record fuel usage.
Clean injectors and turbocharger.
Inspect engine and pump r/min.

Occasionally check water discharge pressure and
pump flow rate.

For non-diesel internal combustion engines:
*  Monitor oil changes, oil filter, and air filter re-
placements.

* Observe fuel usage, replace spark plug, tune-up,
and switch out spark plug wires.

+ Inspect gas pressure at carburetor of turbocharg-
erandcheck pumpandenginer/min.

* Periodically inspect pump flow rate and water
discharge pressure

Engine startup (beginning of season):
Maintenance tasks:
* Tightenupbelts and getrid of tape on allengine
openings and the distributor cap.

* Make sure batteries are charged and connected.

+ Servicefuelfilterseverytimeandswapoutdis-
posablefuelfilterswithnewones.

+ Makesureshutoffvalve tofuel tankisopen.

* Override safety switches that safeguard against
low water pressure, loss of oil pressure, and
overheating before starting the engine. Initiate
the safety switches after engine has reached
operating speed.

* Turn off the engine after running for 10 minutes
andinspectoiland coolantlevels.

* Inspectforanyleaksintheengineandpump
caused by drying gaskets.

Engineairsystem:
Maintenance tasks
*+ Cleaning can alter filters, which may then allow

moredirttoenter. At season startup, swap dis-
posableairfilterswithnew ones.

+ At season startup, filter bath in oil-bath air clean-
ersshouldbecleaned andrefilled. Afterservicing
reassemble the air cleaner.

(210-VI-NEH, Amend. 78, January 2016)

+ Iftheairinductionsystemisequipped with a
prescreener, the screen should be brushed to
remove blockage periodically.

* When indicated by the service indicator signals
change the air filter.

Engine electrical system

Natural gas has a higher octane value than automotive
gasoline. Natural-gas-powered engine efficiency may
beincreased and fuel consumptionreducedby set-
ting the ignition timing to take advantage of the higher
octane. Recommendations on how to do this can be
obtained by consulting the engine manufacturer.

Maintenance tasks
Atseasonstartup (asapplicabletoenginetype):
*+ Inspect and replace breaker points as needed.

* Greasetherotor and setdwell angle or the gap.

* Timingshouldbechecked and adjustedifneces-
sary.

* All connecting terminals should be cleaned after
cleaning cover with protectors.

+ Allignition system and electrically operated
safety switches should be sprayed with silicone
to prevent deterioration.

Twiceayear (as applicable to engine type):

Allelectrical connections andterminalsneedto
betightened andinspected forcorrosion, and
thenapply corrosioninhibitor (notgrease).

Ifengineshavespark plugs, the plugsneed tobe
cleanedandregapedorreplaced with plugsin
the appropriate heat range.

Takeoffthe distributorcap and, usingsilicone,
lubricate the governor weights (donot use oil).

Engine oil

Manufacturer-recommended oil should only be used.
Mark each engine with a tag identifying the proper oil.

Maintenance tasks
Twiceayear:

Grease or oil driveshaft, U-joints, and other en-
gine accessories.
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* Thecrankcaseoil and oil filter should be
changediftheenginewasnotprotected during
shutdown, orifthe oilhasnotbeen changed
within the last year.

Engine fuel and coolant

Maintenance tasks

Thefuelfilter should be removed and cleaned or
replacedtwiceayear.

+ Inspecttoseethattheradiatorcapisontight
and that gaskets aren’t cracked. Frequently
examinethatthefluidlevel and degreeofcoolant
protection are satisfactory.

+ Intermittently check the fuel tank cap and oil
filter capto make suretheyareontightandthat
gaskets aren’t cracked.

Engine shutdown (end of season)

Maintenance tasks

+ Shutthefuelvalveanddrainallfuelfromthe
tank. Also drain all fuel and water lines. Drain
vaporizer-regulator if LP gas is used.

+ Takeouteachsparkplugandfillthehole with
atablespoon of clean motor oil. After securing
plug wires away from plug hole, turn crankshaft
byhandtooil pistonandrings. Returnspark plug
and wires.

* Where the cap joins the distributor housing, use
ducttapetosealthedistributorcap.

+ Using duct tape, seal all engine openings, such
as crankcase breather tube, air cleaner inlet, and
exhaust outlet.

+ Iftheenginewatercooled,drain andrefill the
radiator with an antifreeze mixture including a
rustinhibitor.

* Release tension from belts.

* Protect batteries from freezing by removing and
storingin a cool but not freezing location.

+ Cover with a water-resistant tarp if engine is to
remain outside.

(4) Power source to pump drives
To protect operators, shield all drives and appurte-
nances that are equipped with moving parts.

(i) Right-angle gear drive

Every time on site:

Check gear drive for adequate oil level during pump-
ingplantoperationandreplenishoilasneededto
maintain fluid levels in the gear head. Use only manu-
facturer-recommended lubricants (fig. 8-95). Mainte-
nance mightbeneeded or mechanical problem exists
if unusual noise, seal leakage, and unusually high gear
drive temperatures are present.

Periodically:

Right-angle gear drive lubricant ought to be changed a
minimum of every 2,500 hours or 6 months, whichever
comes first. Operating in moist, dirty, or high-temper-
ature conditions may necessitate much more frequent
fluid changes. Operating under low ambient air tem-
peratures may require the use of approved synthetic
lubricants. These types of lubricants could lengthen
fluid change intervals. Manufacturer’s recommenda-
tionsshouldbeimplemented concerning accepted
lubricantsfor different gear drive models, aswellas
working conditions. For fluid capacities and location
ofdrain andfiller plugson different gear drive models
consult manufacturer materials (Amarillo Gear Com-
pany 2005).

(ii) Belt-drive maintenance
Maintenancetasks

Every 2 Weeks:

Perform abelt drive inspection (fig. 8-96). Look for
debristhat mayhavebecomelodgedinthebelts.
Check that the guard is still in place and secure. Listen
for any unusual vibration or sound while observing the
guarded drive in operation. A well-maintained drive
operates smoothly and quietly.

At every system shutdown:

Examinebeltdrive guard withregardtoloosenessor
deterioration. Clear away trash, dust, and grime that
hasaccumulatedoneithertheinteriorortheexterior
surface ofthe guard. Deposition of dirt on the guard
acts as insulating material and could affect the tem-
perature of the belts. An internal temperature increase
of 18 degrees Fahrenheit could reduce beltlife by 50
percent.
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Figure 8-95 Right-angle geardrive

Figure 8-96 Belt drive with belts exposed for inspection
|
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Examine belts for proper tightness. Inspect and thor-
oughly clean both sheave grooves. They should be
cleanandfreeofanyoilorcontaminants. Ensurethe
motor takeup slots or rails are clean and lightly lubri-
cated and the motor mounts are adequately tightened.
Take preventative measure against overlubricating
bearings, asthis may cause oil or grease to splash on
theguard. Ifoildripping from the guard getsonthe
rubberbelts,they mayexpand andbecome deformed,
leading to early belt failure.

At start and end of season:

¢+ Alwaysturnoffthe power tothe drive. Lock the
controlbox and tagit with awarning sign “Down
For Maintenance. Do Not Turn Power On.” Make
sure the power is turned off for the correct drive.

+ Testtomakesure correctcircuithasbeenturned
off.

+ Placeallmachinecomponentsin asafe (neutral)
position. Make sure moving components are
locked down or arein a safe position. Make sure
pumps cannot unexpectedly freewheel.

* Remove guard and inspect for damage. Check
for signs of wear or rubbing against drive compo-
nents. Clean and realign guard to prevent rubbing
if necessary.

+ Inspectbeltfor wearordamage. Replace as
needed.

+ Inspectsheavesorsprockets for wear and mis-
alignment. Replace if worn.

* Inspectotherdrivecomponents, such asbear-
ings, shafts, motor mounts, and takeup rails.

+ Inspect static conductive grounding system (f
used) andreplace components asneeded.

+ Checkbelttensionandadjustasneeded.
* Recheck sheave or sprocket alignment.
Reinstallbelt guard.

Turnpowerback on and restart drive. Look and
listen for anything unusual.

These were taken from the Belt Drive Preventive Main-
tenance and Safety Manual published by the Gates
Corporation®in 2008.

Giii) Tractor power take off (PTO)
Reasonable care should be exercised tobe sure that
the power-takeoff shaft is properly aligned. The uni-
versaljoint-yokesonthe telescoping portion ofthe
power-takeoffshaft should beinthesameplane. This
isnecessarytoeliminateasnearlyaspossiblethe
variable speeds of rotation and the resulting vibra-
tion, shock, and universaljoint wear. Before each
use, check drivecoversandlubricate drive shaftsand
U-Joints (fig. 8-97).

Giv) Drive shaft

Inspect drive covers. Lubricate drive shafts and uni-
versal joints (fig. 8-98). Leave plenty of clearance and
always walk around when working with drive shafts.
Never go over or under.

Maintenance tasks

Tractor PTO, drive shaft, and other appropriate motor
orpump sectionscovers maintenance todirect drives.

(5) Centrifugal pump maintenance

GG) Pump (General)

Maintenance tasks:

Startup (beginning of season):

Make surethe drain hole onthe underside of the pump
1s clean.

Figure 897 PTO-driven pump
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Twice a year: sleeve will eventually burn and score. Excessive dirt,

Eliminate moss and debris from pump inlet and
outlet. Thoroughly clean piping and connections.

Using apipedopeor Teflontape, tightenup all
drain andfill plugsinthe pump volute case to
avoid air and water leaks.

Examine the pump case for cracks or holes.

+ Make sure screensonthe suction pipe and other
trash screening devices are clean.

Servicing impeller and wear rings:

Ifthe pumpis suspected of having clogged or damaged
impeller, or that wearrings are worn, the pump should
be dismantled (fig. 8—99). Itisbest tohave this done

by a qualified individual or a pump repair shop. Manu-
facturer’s directions should always be followed when
replacing wear rings.

Pump packing:

If a pump has been out of service for an extended pe-
riod, packingmaydryandharden, which canallow air
toleak pasttheseal. When packingisadjusted prop-
erly, it should not require constant readjustment, but
unless properleakage (about 8 to 10 drops per minute)
isrunning through the packingbox, it could godry. If
packingbecomesoverheated and driesout, the shaft

Figure 8-98 Drive shaft with cover
——

silt, or sand in the water can also score the sleeve.
Pump shaftsleeves with packing should bechecked
daily and keptin good condition.

Periodicallyinspectforanimproperly greased or worn
rotary shaft seal by running the pump and squirting oil
ontheshaftjustoutside the seal. Aleakisindicatedif
oilisdrawn intothe seal. The pump can lose prime if
aircanleakintothe pumpthroughthepackingbox.

Maintenance tasks

Properpump packinglubrication shouldbeusedto
grease the packing box yearly (fig. 8~100). The grease
tends to harden with less timely maintenance, making
this task very challenging.

+ Ifthepackingboxisfurnished with a grease cup
or grease zerk, protect the packingby adding a
couple pumps of packing grease tothe packing
boxtoremovetheremaining water.

+ Ifapacking box does not have a grease cup or
zerk, takeoutthelasttwopackingrings andfill
the packingbox with packing grease until full.
Discardtheoldrings and add twonew rings.
Forcethe greaseintothefollowing packingrings
by gently tightening the packing gland, then
loosen the gland.

Figure 8-99 Centrifugal pumpimpellerand packing
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Replacing the packing

Leakage is essential for centrifugal pumps to avoid un-
warranted wear on the impeller shaft sleeve. Packing
oughttobeadjustedtopermitleakageatthemanufac-
turer’s recommended rate. Once the packing is burned
and the shaft sleeveis scored, noamount oftuning
will keep proper leakage for any period of time. If the
packingisblackened (dried up and scorched) or has
leaked overly duringthe season, it should bereplaced.
Old packing shouldbechanged entirelyifexcessive
leakage cannotbe controlled by adding anew packing
ring totheold packing.

Centrifugal pump shutdown (end of season)

Drain all water from pumps prior to freezing weather
incoldclimates.

Maintenance tasks

* Drain diaphragm-type hand primer by opening
petcock.

* Coat with rubber preservative any discharge
primer valve equipped with a rubber seat.

* Anyotherrubberpartsshouldalsoreceivea
coatingofpreservative (e.g., aflexiblecoupling
connectingthe pumptothedriver).

Figure 8-100 Pump packing

—
Grease cup
Shaft sleeve
Impeller
Packing
gland
Motor shaft /
Ji | i v // //' P .
— ,77 B ,//,// /,/,/
(] mmm)/ S
Lantern ring .
Packing

* Anyexposedmetal, such asthe shaft, shouldbe
covered with protecting grease to avoid corro-
sion.

+ Toavoid rust and pitting, cover all oil- or grease-
lubricated bearings with lubricant to keep mois-
ture out.

* Ensure drain valves are not plugged, and drain
water from the pump. Ifice is a problem, remove
suction and discharge piping.

* Closedtheballvalveonthepressure gaugeriser,
then detach the pressure gauge and store inside.

* To ensure rodents and foreign material is kept
out, seal all openings, such as suction, discharge,
and primer, with duct tape.

* Loosentensionfromanybelts.

* Protectthe pump by covering with a waterproof
tarp.

(6) Turbine pump maintenance

The following instructions may also apply to submers-
ible pumps. Periodically inspect discharge piping in
theareanearthe pumptoensureitissecurely sup-
ported. Ensure the pumpisfirmlybolted tothebase
(fig.8-101).

Forturbinepumpsinstalledoverawellthatare ex-
perienced water supply problems, measure the static
leveland drawdowninthe well. Adeeper pump setting
couldresolve the problem.

Maintenance tasks:
At season startup:

Inspectthe pumpupperbearingsandreplacetheoil
intheoilbathorreservoir. Usingapproved turbineoil,
cover the bearings by filling bearing reservoir almost
tothe top of the sight glass, being careful that excess
oil doesn’t get on or in the motor.

Periodically:

* Referring to instructions given in the electric mo-
tor bearing section, grease lower bearings.

* For water-lubricated turbine pumps, keep the
packing in good condition, as directed for cen-
trifugal pump packing.
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Annually

Following motor manufacturer’s recommendations,
replacethebearingoilin vertical hollow shaft motors.
Bearing oil should be maintained at the proper level
throughout the season. As the motor heats up during
operation, overfilling the oil reservoir may result in

an oil spill. The motor’s ability to dispel heat will be
reduced as dirt and debris collect by adhering to the
spiltoilonthe motorand ventilation screens.

Figure8-101 Oil-lubricated deep-well turbine pump near
] Flowell, UT

(i) Short-coupled turbine pump
Maintenance tasks

Season startup (oil-lubricated pumps):

* Onehourbefore starting the pump, top offthe oil
reservoirandstart theoilflowingtothe pump.
Make surethattheoiltubeisfilled before start-
ingthe pump. The pumpneedsabout 10drops
per minute.

Season startup (water-lubricated turbine pumps):

+ Usingalight oil, prelubricate line shaft bearings.

Periodically:

+ Asinstructed forthe packing on acentrifugal
pump, fine-tune and maintain the packing on
water-lubricated, short-coupled turbines.

Annually or according to manufacturer’s recom-
mended interval:

Adjusttheheadshaftnutonshort-coupled (one-piece
shaft for shallow pumping lift) turbine pumps. The
processis described below, but the procedure should
only be performed by qualified personnel:

+ Using proper lock-out/tag-out procedures, shut
off electrical power before working on pump.

+ Loosen and set aside the top motor cover and
remove the set screw.

+ Takeout,clean,oil,andreinstall the key stock.

+ Release the head shaft adjusting nut so the shaft
and impellers are resting on the bowl housing
(metaltometalcontact, turntheheadshaft
adjusting nut two turns to raise the shaft and
pump impellers, allowing for appropriate clear-
ancewithinthebowlassembly. Preciseclearance
can be calculated using thread pitch and number
of turns.). Larger shafts normally have left-hand
threads, and pitch of threads may vary with shaft
diameter.

The shaft should turn by hand onceitisraised. If
it will not, tighten up the head shaft adjusting nut
one-halfturn and testit again.

Continue adjusting the nut in half-turn incre-
ments, checking after each adjustment until the
shaft turns freely.

Return and tighten the set screw and motor
cover.
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Attention: Pullthe pump, disassemble, and inspect
for damage or debrisifthe shaft hasbeenraised by
five turns or more of the nut, and the shaftis stillnot
turnable by hand. Consult pump dealer proper applica-
tion of this procedure.

(ii) Deep-well turbine pump

Deep-well turbines shaft adjustment needs to be more
precise because of shaft stretch. A qualified pump
dealeror manufacturer’sinstructionsneed tobecon-
sulted when making adjustments.

Maintenance tasks:
Season startup (oil-lubricated pumps):

+ Beginlubrication of the shaft up toa week be-
fore starting the pump (fig. 8-102). The line shaft
and column should be full of oil and oil starting
torunoutatthetopnearthestretch assembly.
Look at the manufacturer’s instructions to ensure
requirements are met. While filling, let four to
five drops of o1l per minute flow down the tube.
Afterstartingthe pump,increaseoildripto10to
15 dropsof oil per minute. Oil will dribble slower
at night, when temperatures lower. Oil viscosity
rating shouldbe9or 10.

Periodically:

+ Ifthe deep-well turbine is water-lubricated,
fine-tune and maintain the packing following the
same measures as used for a centrifugal pump.

(7) Submersible pumps

Asubmersible pumpisasubmersible electric motor
thatisclose-coupledtoaturbine pump. The pumpis
positioned above the motor and water goesinto the
pump through a screen situated between the pump
andmotor (fig. 8—103). Because pump and motorare
both suspendedinthe water, the coolingand lubrica-
tion required for a deep-well turbine pump drive shaft
andbearings are eliminated.

Submersible pumps make use of enclosed impellers
and motors that are smaller in diameter and longer
than turbine pump motors. The riser pipe must be
long enough to keep the bowl assembly and motor
fully submerged at all times, and the well casing must
bebig enough for water to effortlessly flow past the
motor. Insufficient circulation of water past the motor
increases its potential to overheat and burnout. Elec-
trical wiring needs sealed connections and mustbe
watertight from the pump to the surface.

(8) Propeller pumps

Propeller pumpsneed a proper foundation of solid
construction, preferably concrete. If concreteis not
practical,apassablealternativeistousebeamsor
timbers. When using beams, the beams should be suf-
ficiently heavy to avoid spring action between spans;
also, side motionshouldberestricted withlateral

Figure8-102 Sight-feedlubricatornearStuttgart, AR
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bracing. When designing the foundation, the entire
weightofthe pump full ofliquid and the driver must
beconsidered. Thefoundation should alsobe designed
to withstand and stop excessive vibration. Pump
foundation or mounting structure requirements are not
addressed in this chapter. Inspect the pump and foun-
dation for unusual vibration, noise, or visual misalign-
mentof components at the start and end of the season
and regularly during operation (fig. 8—104).

Operation at or near shutoff heads:

Operating of propeller/mixed-flow pumps at or near
shutofforstatic-flow headsisgenerally notrecom-
mended. Operation should be restricted to the maxi-
mum head presented on pump curveorfield curve.
The maximum head working condition should include
these considerations:

* There must be sufficient thrust bearing capacity.

* Muchofthe power under prolonged operation
atno flow or restricted delivery is converted to
heat in the available fluid; in such conditions, the
problemofheat dissipation maybecome acute.

*+ Propeller and mixed flow impellers at reduced
flows have critical horsepower characteristics.
Driver overload will most likely occur at shut off
power requirements.

* Fluid temperatures, if raised excessively due to
lack of flow, mayimpairlubrication efficiency
and open line shaft units depend upon pump fluid
for lubrication.

Considerthefulloperationrangein selection ofthe
original pump and driver. If a change in conditions
occurs, contact afactory representative for recom-
mendations.

(c) Pump plant performance tracking

Track pump flow rate, discharge pressure, energy

use and energy cost to observe pumping plant perfor-
mance. Ifthesefactorschangeconsiderablyovera
period of time, investigate to see if there is a pumping
plant performance problem. If observed data changes
suddenly, a severe problem or acute issueis indicated.
To avoid expensive repairs, replacement, or downtime,
aquick responseisrequired. A slow changeinthe data
often points to a maintenance need. This might also be
asignofequipmentwearorissueswithapumpintake.

(i) Pumping plant evaluation

Fluctuations with high energy cost spikes can make
pumping plant evaluations very important to farmers.
By improving pumping plant efficiency, many farmers
canreduce theirannual energy costs by 15 to 30 per-
cent. If pumping plant performance monitoring indi-

Figure 8-103 Submersible pump inlet screen
——

Figure 8-104 Propeller pump with unstable foundation
e—— near St. Martin, LA
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catesthere mightbeaperformance problem,butthe
problem cause is not readily apparent through onsite
visual assessment, a pumping plant performance test
orevaluation maybeneeded. The resultsof the test
will normally allow an irrigator to determine whether
aproblem exists. Inaddition, data fromtest can often
helpisolate the source of the problem and provide
information on how to overcome, repair, or fix the
problem. The pumping plant evaluation should initially
be completed at the pump and engine r/min normally
used by the producer. As part of the evaluation, accu-
racy of the operator’snormal method of r/min deter-
minationischecked with anelectronictachometer. If
the operator wishes to examine the effect of changing
pumpr/minonefficiency and pumping cost, theevalu-
ation canbeconducted again with new conditions.

(ii) Information gained from pumping plant
evaluation
* Costperhourtooperatepumpingplant

+ Costperacre-inch of water pumped

+ Costperacretosupplya certain grossapplica-
tion

+ Costperseasontooperate pumpingplant
+ Well yield or pumping plant flow rate (gal/min)

* Discharge pressure pumping plant is working
against

+ Staticand pumping waterlevelif water sourceis
awell

*  Energy/fuel use: units depend on energy source
(kWh/h, gal/h, or MCF/h)

* Overall pumping plant efficiency (OPE)
+ Pump efficiency (%) on electric pumping plants

Potential energy cost savings per season if pump-
ing plant efficiency was brought up to standard
(field attainable) efficiency

Input horsepower into pumping plant

Output horsepower (a.k.a., water horsepower
(whp)) developed by pumping plant

Whetherthe electric motor on electric powered
pumping plant is over or underloaded

Additional information on internal combustion
engine powered pumping plants when a torque
cellisused:

— engine efficiency

— pump efficiency

— engine output horsepower
— pump input horsepower

Moreinformationabout pumptestingcanbefoundin
appendix 8A.
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Appendix A

(@)

(D

Recommendations and
Considerations for Personnel
Conducting Pumping Plant Tests

General

(i) Ensureoperators understand what test
procedures and measurements will be made
before initiating the test. Ensure the operator is
comfortable with these procedures and measure-
ments.

(i1) Request that the operator be present dur-
ing test. Operators know their equipment and
willbe aware of any tricksto starting and ad-
justing their pumping plant. Their presence will
also ensure involvement and buy-in from them.
If operators aren’t present during the test, and
results indicate a need for adjustment or change,
they maybe skeptical of resultsand wantto
rerun the test when they are present. If operators
are present during the initial test, they will likely
be more comfortable with resultsand willhave
their questions answered during the test.

(i1i) Watchforsafetyissues. Usepersonal pro-
tection equipment, such as safety glasses, mud
boots, gloves that provide dexterity, cold and
wet weather gear as appropriate, and especially
earplugs. Beware ofloose clothing around drive
shafts and other moving parts. Check for electri-
cal safety and fuelleaksbefore the test. Speak
up if you see other test participants engaging in
riskybehavior. Doeverything possible toprotect
yourself, your partners, and any test observers
thatmightbeonsite.

(iv) Findoutall youcanaboutthe pump,
column pipe, and pump settings before the evalu-
ation and check for possibility of using draw
down gage. Get copies of original pump curvesif
possible. This will help in troubleshooting sys-
tem issues.

(v) On surface systems, watch outlet valve
position and gated or polypipe layouts to be
sureyourecognize furrow flow direction. This
information will be important in planning flow
meterlocationand plumbingneeds. Thisbitof
information is not always readily apparent on flat
slope fields (can’t always tell high side of field by
looking).

(2) Anevaluation team leader should be assigned
tohelp ensure safety procedures are followed and
to help secure high-quality data. Be sure the follow-
ingthings get done (check and double-check each
item):
(i) Conduct an initial site assessment before
evaluation personnel scatter and go into action:
How will the test be conducted? Arethere any
anticipated potential safety or measurement is-
sues. On arrival on site, observe and record how
pipeline valves and outlets are arranged and set.

(i1) Observe and document initial engine and
pump setting. Check engine rpm when arriv-
ing on site. Conduct the initial evaluation at the
operator’s existing operating conditions.

(111) Document field observations and informa-
tion gathered:

— information provided by farmer, pump in-
staller,orwelldrillerabout well, pump set-
ting, static water, and estimated pumping
depth

— sizes of pump discharge pipe, existing un-
derground pipe, and outlet valves

— information from engine, pump, gear drive,
or motor nameplates

(iv) Confirm with partners that an outlet valve
with sufficient capacity for estimated flow is
open before engaging pump.

(v) Finalsite inspection after evaluation.
— Walkaround site and pick up tools left out.

— Ensure operators water flow control valves,
safety covers, etc. are reinstalled and set as
foundorasinstructed by operator.

(vi) Watch for cooling coils (lack of radiator).
If water cooled, do not allow engine to run with-
outpumping waterforanylongerthanittakesto
getstarted and pumping. Donot touch the cool-
ing coil or lean on it, one can be burned.

(vii) Watchforsafetyissues. Note and call at-
tention to safety issues and possible problems
with electric safety or driveshaft.

(viii) Make alist documenting things
learned through experience (mistakes). This
documen- tation willhelp others whomight
readitavoid making similar mistakes.

(210-VI-NEH, DRAFT, January 2016)



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

(ix) Donotshutdownpumpingplantorengine
before allneeded data hasbeen acquired. Do
calculationsonsite, before leaving thefield, so
things missed canbe spotted and get the infor-
mation or measurement while on site rather than
having to return later.

(x) Whenusing PVC hydrants, if a pipeline
extension is installed in the hydrant outlet for
use with a flow meter, donot screw the alfalfa
valvelid opentoofarwith the hydrant. Thelid
will come off and obstruct water flow discharg-
ing from hydrant during the evaluation.

(xi) Make sure the water discharge valve is
openbeforeengagingthe pump.

(xii) Coordinate and develop a failsafe system
with all onsite participants to verify which valves
are open and which are closed to ensure thereis
anopenvalve, thatwaterisnotbeinglost from
an unobserved open valve somewhere, and that
flow measurement doesnotinclude waterfrom a
secondary unintended source (such as a second
well). Check and recheck.

(xiii) Watch and observe
how operators normally operate their under-
ground pipeline. Exceedingfive feet per second
in pipeline can result in damage to pipelines and
appurtenances. Close and open valves slowly if
thissituationisencounterorallowtheoperator
tooperatethevalves.

(xiv)Donotforgettomeasure discharge pres-
sure and note any elevation difference between
the point of measuring discharge pressure and
the point where pumping water level is mea-
sured. Thiswill ensure theaccuracy ofthe TDH
computation.

(xv) Capontopofright-anglegeardriveshould
normallybeleftonly hand tight. Thisissothe
operator can easily access the pump shaft to
checkengine and pump rpm with atachometer.

(xvi)Donotbe in too big a hurry. Take time,
especially if extra people are available.

(xvii) Remember, 5t0 10
minutes of warm up is needed before loading
cold diesel.

(xviii) Start the flow slow.
Remember, surge and water hammer are bad.

(xix)Record the information program and train-
ing. Share information learned and experiences
with peopleinother areas who are conducting
pumpingplantevaluations.

(b) Safety issues

(1) Noise—Wear hearing protection when
evaluating plants powered by internal combus-
tion engines.

(i1) Moving parts—Do not wear loose-fitting
clothing and always be aware of the presence of
uncovered drive shafts, pulleys, and belt drives.

(iii) Heat—Many surfaces will be hot around a
pumping plant. Be aware of surroundings. Some
internal combustion engine exhaust pipes are
located such thatitiseasy toaccidently encoun-
terheatcomingoutofthe exhaust.

(iv) Oil and water slick surfaces

— Itisoften wet and slick from spilled fuel or
lubricants around a pumping plant.

— This is especially critical if working around
a plant that has an exposed drive shaft.

(v) Danger of overloaded pumping plant com-
ponents—If a major irrigation application system
change is made without assessing existing pump-
ing plant capability, operators may operate plant
components (i.e., engines, drive shafts, gear
drives) outsidetheirspecificationsin effortsto
achieve expected performance from new ap-
plication systems. This can cause catastrophic
component failure. Ifthisoccurs, itis best not
tobeinthearea.Sowhengatheringinformation
around pumping plants, collect the data needed
and get away from the plant. For safety, always
minimize time spent around the plant.

(vi) Fuelleaks—Natural gaslinesandnatural
gasmetershavebeenfoundinthefield with
significant leaks, which could have caused explo-
sions.

(vii) Electrical shock onelectricpumping
plants—Don’t touch electric motors or control
panels without testing them with a volt meter
first.

(viii) Watchforchemicalinjectors
arounda pumping plant. Verify with
operators that the
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evaluationteamwillnotbe exposed tohazard-
ous chemicals around the pumping plant or dur-
ing flow measurement. Don’t let the ladder walk
outfromunderyouifmeasuringflowrateand
pressure on a pivot sprinkler lateral.

(c) How to conduct a pumping plant
evaluation

(1) Gather preliminary data

Prior to conducting a pumping plant evaluation, the
operator is asked for preliminary data and informa-
tion about the existing pumping plant. The operator
will provide energy cost per unit of fuel per energy
unit(.e., $/gal of diesel, $/MCF of natural gas, or $/
KWH). Information obtained can enhance accuracy
results. Information requested should include annual
or seasonal pumping hours; pump type, brand, model,
size, impellor type and trim, and number of stages;

a copy of a pump curve; well bore diameter; column
pipe diameter, material, and length; pump inlet length,
location, andtype (i.e., slotted, perforated, or screened
pipe); development procedure used when well was
drilled; and whether well wasgravel packed ornot.
Wasthewellsealedbythedrillerorpumpinstaller
inaway that would prevent the use of adraw down
gage? Itisvery rare that all this information is avail-
ableorcanbeobtained. Whateverinformationcan

be obtained may prove valuable when interpreting
evaluation results and troubleshooting pumping plant
problems.

If time allows, visit the pumping plant before the
scheduled evaluation date. Look over the layout.
Anticipate equipment and plumbing needs, and any
special procedures may have toemploy toobtaindata.
Check to see if an access port is present to allow use
ofadrawdowngage. Record the gearratioonright-an-
glegeardrives (if present). Theratioisusually on the
plate andisprovided astheratioof driver to driven. If
the plantuses an electric motor record motor horse-
power, rpm, service factor, and power factor from the
name plate. Be careful to read from 60 hertz section of
the plate if you are in the United States. Many newer
motorshave 50hertzinformationalsoincludedonthe
plateincasethe motorisshippedtoothercountries.
Record horsepower rating and any additional informa-
tion from the engine nameplate and gear drive plates
aswell. Thisinformation canbe used later tocheck
for over or loaded components.

(2) Gatherfielddata

Potentially hazardous situations will be encountered
while conducting irrigation pumping plant evaluations.
Itisimportantthatpersonnelbeabletorecognize haz-
ardsand know how torespond and take precautions
toprotect themselves and their coworkers on site.
They mustalsobe preparedtorecognize and report
hazardous system problems discovered during evalua-
tions to operators. Safety training should be provided
toall participants who will be on site during a field
pumping plantevaluation.

(i) Flow measurement—During original site
assessment a suitable location for measuring
flow using existing facilities or for installing
aflow metershouldbe determined. Inlineor
onlineflow meters shouldbeinstalledatloca-
tions that provide adequate distance upstream
and downstream of elbows, bends, or obstruc-
tions. The meter shouldbeinalocation that will
ensure all pumping plant flow is being measured.
If multiple pumping plants are normally used to
supplythesamepipenetwork, makesureonly
onepumpingplantwillbe measuredatatime.
The discharge pressure at each pumping plant
should be measuredbefore the test.Ifneeded,
valves can then be used (be very careful) to put
back pressure as needed until the particular
pumping plant being tested is operating with the
same discharge pressure as it was when working
with the other pumping plants on the network.
Depending on the meter type being used, particu-
lar precautionsneed tobetakentoensureread-
ings are as accurate as possible. Consult the U.S.
Department of Interior, U.S. Bureau of Reclama-
tion Water Measurement Manual for particulars
associated with each meter type.

(i1) Fuelandenergy measurement—During the
pumping plant evaluation, it will be necessary to
measure energyorfuel userate forthe pumping
plantbeingtested. Thiscanbe doneinanumber
of ways depending on the fuel or energy type.

(8) Electricity
Method 1: Use available onsite electric meters

Reading Watt-h neters that have rotating marked metal
disk (fig. 8A-1).

(210-VI-NEH, Amend. 78, January 2016) 8A-3



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

Time disk revolutions (typically time 10 revolu-
tions)

* Record K, multiplier, which should be on face of
meter.

+ Contact electrical supplier for additional multi-
pliersthat might apply
— CTR—currenttransformerratio—(.e.,
200:5 (40))
— PTR - potential transformer ratio—G.e., 4:1

(4))
— Single combined multiplier

* Use equation 8A-1 to calculate kilowatt hour per
hour.

kWh/hr =
3.6(K_Factor )(No. of disk revolutions)(applicable multiplier(s))

(Time in seconds)

(eq. 8A-1)

Energycost/h=

(cost/unit of fuel or energy) (fuel or energy use, units/h)

(eq. 8A-2)

Figure 8A-1 Front of electric meter showing K factor

ihp= (
(Energy consumption rate, energy units/h) hp-hr) )
(energy unit) )
(eq. 8A-3)

where:

ihp = input horsepower
Values for hp-hr/energy unit may be found in
table 8A-1

Many pumping plants now are served by digital elec-
tric meters (fig. 8A—2). The new meters available from
a number of sources have multiple programming op-
tions. Energy suppliers shouldbe consulted toestab-
lish or verify procedures for use with onsite meters
used by a particular supplier. Many of these meters
have the ability to transmit meter readings direct to
the utility company or a remote reader. All digital
meters encountered during pumping plant testing in
2009 were equipped with one of several versions of
visual flashing bar indicators. After contact with elec-
tric suppliers to obtain instructions, you can normally
establish procedures for timing flashing indicator bar
changes, which would equate to disk rotation onold
stylemeters. Equation 8A—2wouldthenbeusedto

Example 8A—1—Calculating hourly fuel cost

Given:
An operator pays $0.08/kWh and uses 50 kWh/hr.

Find:
Hourly energy cost

Solution:
Usingequation 8A-2
0.08
Energy cost/hr= x50kWh/hx1h=$4/h
kWh
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calculate kWh/hr and equation 8A-3 to calculate ihp.
See example 8A-1.

Method 2: To determine ihp—Use of clamp-on volt/
amp meters

Note: This method should only be used by trained and
qualified individuals with required specialized safety
equipment.

Clamponvolt/amp meterscanbeused to determine
ihpto electric powered pumping plants. Use of these
meters involves opening the pumping plant control
paneland exposing conductors whilethe plantisin
operation. On a single-phase system, a clamping volt/
amp meter can be used to clamp around a conduc-
tor, and volts and amps measured. On a three-phase
system, theclamp-onvolt/amp meterwouldbeused
on each of the three conductors to measure voltage
andcurrentforeachlegofthethree-phasesystem (fig.
8A-3).Thesevaluesshouldbeverysimilarifthelegs
areinbalance.Iftheyarenot,itindicatesapotential
motororpower supply problem.Onathree-phase
circuit,eachlegis measured and the average ofthe
three legs’ volt and amperage measurements are used
to calculate kVA. Local power suppliers and utility
companies might sometimes participate in and assist
in obtaining these reading.

Figure 8A-2 Programmable electric meter red oval sur-
rounds area with flashing indicators.

_ (VxA)
1,000 (eq. 8A—4)
For a single phase system:
kWh/h=kW
=kVAxPF (eq. 8A-5)
where:
PF = power factor of the power supply
kWh/h
—  =kW
h
_ VxAxPF
1,000 (eq. 8A-6)
Then use equation 8A—3 to calculate ihp:
For a three phase system:
kWh/h
_yXAXEIiXI,ZB
- 1,000 (eq.8-7)

where:
1.73=+3 and using equation 8A—3:

ithp=kWh/hx1.34hp/kW

(4) Natural gas

Most natural gas meters found on individual pump-

ing plants are mechanical meters that operate with
varioustypesof meterindex. Theindexincludesthe
face and dials that numerically or digitally represent
cumulative natural gas volume that has flowed through
the meter. Most natural gas meters whether mechani-
cal dial or digital will include one or two test dials.
Thesetest dialsarelabeled with the number of cubic
feetof gasflowing through the meter perrevolution

of the dial. By timing the test dial during a pumping
plant evaluation, the gas usage rate can be determined.
Notethatnatural gasiscompressible, soitisneces-
sary tocheck with the gas supplier to determine how a
particular company handles pressure and temperature
correction in their metering. A natural gas meter will
read accurately at its calibration pressure and temper-
ature. Pressure is normally the more significant com-
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Figure 8A—3 Measuring voltage for each leg of three-phase power
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ponent of meter reading correction. The gas supplier
will be monitoring and maintaining gas line pressure
and temperature in the delivery line upstream of the
billing meter. Ifthe gas meterislocated very close to
the pumping plant engine, the supplier may install a
pressureregulatorontheintakeside ofthe meter to
maintain the calibration pressure. For a number of rea-
sons, the gas supplier might maintain pressure higher
than calibration pressure at the meter (i.e., meteris a
significant distance away from the plant, or multiple
plants are served by the meter). If greater than calibra-
tion pressure is maintained, a pressure correction fac-
tor addressing gage pressure at the meter, calibration
pressure, and atmospheric pressure must be applied to
readings.

Pressure correction factor =

gage (Ib/in?)+atmos. pressure (Ib/in2)

calibration press.(Ib/in*) + atmos. press(1b/in®)

(eq. 8A-8)

Toread the meter during a pumping plant evaluation,
time revolutions of test dial. This dial will represent a
smallervolume perrevolutioncomparedtootherdi-
als. It maybelabeled 10, 5, and 2 cubic feet per revolu-
tion.

(ft3 used)(meter constant)

Fuel consumption ft3/h =
Time (minutes)

(eq. 8A-9)

Natural gasisoftenbilled per 1,000 cubicfeet (M=
1,000) of natural gas (one million cubic feet is denoted
as MMcf).

1 Mecf= 1,000 ft3 (eq 8A—10)

Energy cost per hr=( $cost ) ( fuel consumed )
(unit of fuelJ * k hr J

(eq. 8A-11)

See example 8-2 for fuel cost calculations for anatural
gaspumping plant. Thefuelihp of anatural gasengine
can be calculated using equations 8A—12 or 8A-13:

ihp=(392.93 hp-hr) (Fuel consumption Mef)
Mecf J L hr
(eq. 8A—12)

Where the 392.93 conversion factor assumes 1,000 Btu
percubicfeetofnatural gas. Seeexample 8A-3.

Example 8A—-2—Fuel cost for natural gas pumping plant

Given:

Apumpingplantuses1,600ft?h,fuelcostis $4 per MCF

Find:
The hourly fuel cost for a natural gas pumping plant

Solution:

(1.600ft°)
Fuel consumption 6001t

)
=1.6Mcf/h
($4.00) X(1.6 Mef )

LMch L h J

=$6.40/h

Energy cost per hour =

=Fuel consumption

f1,600ft3\ (1 Mef )

( h JLl,OOOft'aJ

(210-VI-NEH, Amend. 78, January 2016) 8A-7



Chapter 8

Irrigation Pumping Plants

Part 623
National Engineering Handbook

Natural gas Btu levels will generally range between
900and 1,150 Btupercubicfeet. Ifthenatural gassup-
plierindicates an actual Btu level other than 1,000 Btu
percubicfeet, the 392.93factor mustbe adjusted, as
shown in equation 8A-13:

ihp= [ 492.93 (hp-hr ﬂ ( (energy content of natural gas BTU/ft )\
Mef A 1,000 BTU/t’ )
(Fuel consumption, Mcf/hr)
(eq. 8A-13)

Some suppliers charge producers by the dekatherm
(Dth). Thisbasicallyis a fee structure that focuses on
the energy level of the natural gas rather than the vol-
ume. At 1,000 Btupercubicfeetofnatural gas, thereis
1 dekatherm of energy in 1 Mcf of gas, so the cost per
DthequalscostperMcf. Ifa supplierchargesbased
onthe dekatherm, theenergylevelofthe gasprovided
should bein Btu per cubic feet.

1dekatherm=1,000,000 BTU (eq. 8A—14)

Equation 8A—14 is an energy conversion and holds true
regardlessoftheenergy contentofthe gas.

Whenthe energycontentofthe gasisequalto 1,000
Btu per cubic feet, the following relationships are true:

one dekatherm _(1,000,000BTU

Mcf U 1,000 ft°
= 1,000 BTU/ft?
(eq. 8A-15)
Energy cost ( $ \( decatherm\ ( Mcf )
he LdecathermJ L Mef ) Lhr of gas usageJ
(eq. 8A-16)

(5) Liquid petroleum gas

Liquid petroleum (LP) gas can be measured during

a pumping plant evaluation by using a temporary fuel
storagetankorcontainerthatallowsbefore andafter
weight measurement of the container. LP gas weighs
4.24 pounds per gallon. If during a pumping plant
evaluation, 10poundsof LPgaswereburned duringa
30-minute test period, the plant is using:

( 101b \( 1gal /60 min)
Lso minJL4.24 1ka 1hr J=4.72ga1/hLPgas

(6) Gasoline

Gasoline can be measured during a pumping plant
evaluation by setting up a temporary fuel storage tank
orcontainerthatallowsbefore and after volumetricor
weight measurements. Regular gasoline weighs about
6.15 pounds per gallon. If during a pumping plant

Example 8A-3—Calculating input horsepower for natural gas pumping plant

Given:

The actual energy contentofthe fuelis 950 Btu/ft3, and the hourlyfuel consumptionisusing 1.6 Mcf/h.

Find:
The input horsepower.

Solution:
Using equation 8A—13.
( (hp-hr))( 950 BTU/£E

ho— 392.93 s
PR Mef )\ 1,000 BTO/E

=596.2

g (1.6 Mcf/hr)
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Example 8BA—4—Determine energy cost and input horsepower using dekatherms

Given:
Theenergylevelofthe gassuppliedis 1,050 Btu/ft?, the pumpingplantisusing 1.6 Mcf/h, and the operator was
beingbilled $4.20/Dth.

Find:
The energy cost per hour and the input horsepower.

Solution:

Fromequation 8A—15,itcanbe seenthat whenthe energycontentofthe gasis 1,000 Btu/ft3, theratio ((1Dth/
Mcf)/(1,000 Btu/ft3)) equals 1. Multiplying thisratio by the Btucontent per cubicfeet will yield the energy level
ofthe gasin dekatherms per Mcf:

(1,050 BTU) (1,050BTU)(1decatherm/Mecf)
( ft” gas ) :L ft’ gas )L 1,000 BTU/ft? J

decatherms
=1.05 "pper gas

Next, calculate the hourly cost using equation 8A—12 and the calculated energy level of the gas.
(1,050 BTU) (1,050BTU(1decatherm/Mcf)
(& gas |~ ft'gas )" T.o00BTUMR )

decatherms
=1.05 "y fer gas

Usingequation 8A—13, theinputhorsepower fora 1,050 Btu/ft3gasconsumed attherateof 1.6 Mcf/h would be:

(

hr) [ 3
ihp= L392'93hp hr\l| 1,050 BTU/ft W(1.6Mcf/hr)

Mef /| 1 000 BTUES)

=660.1hp
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evaluation, 18 poundsofgasoline wereusedduringa
30-minute test period, the plant is using:

( 181b (1 gal gasoline)( 60 min

30 min 6.151b J L h ) =5.85gal/hLP gas

Ifaportableinlinefuel meteristobeinstalled specifi-
cally for the test, the pumping plant willneed tobe
shutdownbeforethetesttoallow meterinstallation
upstreamofthe enginefuelintake. Metersneedtobe
calibrated.

Calculationsinvolving the volumetric cost of fuel or
energy content per gallon should consider volumet-
ricchangesofthefuelduetotemperaturechanges.
Thereferencetemperatureforthesaleofpetroleum
productsinthe United Statesis 60°F(15.556°C). The
widely accepted coefficient of expansion for gasoline
1s 0.00069 per degrees Fahrenheit. If the volume of

1 gallon of gasoline measured at 60°Fis 231 cubic
inches, that same gasoline would occupy 234.2 cubic
inchesif measured at 80°F, a difference of approxi-
mately 1.4 percent.

(7) Diesel

Diesel fuel can be measured during a pumping plant
evaluation by setting up a temporary fuel storage tank
orcontainerthatallowsbefore and aftervolumetric
or weight measurements. No. 2 diesel weighs about
7.15 pounds per U.S. gallon. If during a pumping plant
evaluation, 18 poundsofdiesel wereused during a
30-minute test period, the plant is using:

( 181b )(1 gal of diesel ) { 60 min )
151 =5.03 gal/h diesel gas
st )L b & &

30 min

Great care must be taken during set up, fuel measure-
ment, and returning the system to pre-evaluation
operationtominimizeairentrytothefuelsystem.Itis
critical toensure the engine fuel systemisfree of air
and operating in its pretest conditions before leaving
the site.

Aproperlycalibrated meter canbeused for measuring
fuel consumption. Notethat special careisneeded if
usingadieselfuel meter. Diesel fuel flowsthroughand
by the engine injectors to help with cooling. On some
diesel engines, fuel that flows past the injectors may
berouted all the way back to the fuel storage tank; on
other models, it is looped back to the intake side of

theengine. Ensurethatfuel routed backtothetankis
notincludedinthecalculated consumedfuel volume.
Greatcare mustbe takenifusing a diesel fuel meterto
minimize air entry to the fuel system. A portable fuel
pump may help in removing air from the system after
meter installation and after the test, when the meteris
removed and the system returned to original pretest
conditions. After using a fuel meter, ensure the engine
fuel systemisfreeofairandoperatinginits pretest
conditions before leaving the site.

As with gasoline, calculations involving the cost per
gallon offuel or energy content per gallon should
consider volumetric changes of the fuel due to temper-
ature changes. The coefficient of thermal expansion
for diesel fuel is 0.00050 per degrees Fahrenheit, and
thereference temperature for the sale of dieselis 60
degreesFahrenheit(15.556°C).Ifthe volumeof 1 gal-
lon of diesel measured at 60 degrees Fahrenheit is 231
cubicinches, that same diesel fuel would occupy 233.1
cubic inches if measured at 80 degrees Fahrenheit, a
difference of approximately 1.0 percent.

(a) Measurement of pumping water level
or relative elevation

Waterdepthinthe wellis measured with awell sound-
er, drawdown gage, or airline. To make this measure-
ment, the conducting tip on the well sounder cable
islowered through an access portin the well head
betweenthewellcasing and column pipe. Whenthe
tip encounters water, a battery-charged electric circuit
is completed, moving an indicator needle, turning on
an indicator light, and/or setting off an audible alarm
sound. The sounder cableis markedin 5- or 10-foot
increments. The amount of measured cable in the
holewhenthesoundertipencounterswater givesthe
pumping depth below the pump head. Relative eleva-
tion of the water surface when pumping from a pond
orsumptotheelevationofthelocation pumping plant
discharge pressure is measured can be determined
withsurveyingequipment.

When testing a deep well turbine, evaluators know the
setting depth of the pumpin the well before a draw-
downgageisused. Ifthe pumping planthasbeenshut
down forseveral days, the static waterlevel should be
measured using a well sounder, drawdown gage, or air-
line.Ifaportable drawdown gageisused to measure
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staticwaterlevel, it should beremoved from the well
prior to startup.

The pumping plant should be started and the pump
and engine speed adjusted to match normal operat-
ing speed. Discharge pressure is measured with a
pressure gage mounted on the discharge pipe ofthe
pumping plant. Many systems have a faucet installed
on the pumping plant discharge pipe, making it easy
touseanadaptertoattachapressuregageduring
evaluation. If an open stand is present at the pumping
plant discharge, relative elevation of the water level
in the stand above the drawdown gage measurement
locationcanbeusedtodetermine discharge pressure.
The draw down gauge and flow measurement device
should be used monitoring pumping water depth and
flow rate. After pumping plant flow rate, drawdown
depth, and discharge pressure stabilize, energy con-
sumptionrateismeasured asdescribedbasedon
timedfuel orenergyuse.

Frictioninthecolumnand anydischarge pipebetween
the pump inlet and the point where discharge pressure
ismeasuredincluding minorlossescanbecalculated
ordetermined from tables based on column pipe size,
material, and pump flow rate. The total dynamic head
(TDH) the pump is working against is next calculated
using proceduresin NEH623.0802.

With TDH and pumping plant flow rate, water horse-
power (whp, also called output horsepower) can be
calculated using equation 8-3. Thp to the pumping
plantiscalculated based onrateof energy consump-
tion and energy to horsepower energy equivalent
(table 8A—1) using equation 8A—3.

The overall pumping plant efficiency is calculated us-
ingequation8-17:

Standard overall efficiency (SOE) can be determined
by multiplying the potential efficiencies of each appli-
cable pumping plant component as shown in equation
8A—17.Table8A—2canbeusedtoestimatecomponent
efficiencies.

SOE = ((Potential component Eff )(Potential component Eff ))

(100)
(eq. 8A-17)

For electric-powered plants, it might be—
SOE(%) = (ME)(VFDE)(DE)(PE)(100)
For plants powered by internal combustion engines:

SOE(%) = (EE)(DE)(PE)(100)

where:

ME = motor efficiency (as decimal)

VFDE = variable-frequency drive efficiency (as
decimal)

EE = engineefficiency (as decimal)

DE = drive efficiency (as decimal)

PE = pump efficiency (as decimal)

Note: Pumpingplants maybeencounteredinthefield
with acombination of drives (e.g., abelt drive and a
right-angle geardrive. Ifso, usetheefficiency of each
component as a multiplier in equation 8A-17. Use a
valueof1foranylistediteminequation 8A—17thatis
not present. Consider each component of a specific
pumping plant from the power input to pumping plant
output. Example 8A-5 demonstrates how this might be
done. Alsoseeexample 8A—6.

Table 8A-1 Energy content of fuels, hp-h/energy unit !
——

Energy type hp-hr/energy unit
Electric (Kwh) 1.34

Diesel (gal) 2 54.6

Natural gas (Mcf) 404.56

Propane (gal) 35.98

Gasoline (gal) 2.3 47.3

Ethanol (gal) 31.6

Gasohol 47.2

(10% ethanol, 90% gasoline) (gal)

1 Carbon management evaluation tool (COMET) values for energy

2 Petroleum fuel volumes measured at 60 °F

3 Regular unleaded gasoline

4 Conversions: 1hp=0.746kW;1kWh=3,412 Btu; 1hp-h=2,544
Btu

5 Nebraska Pumping Plant Criteria for fuels containing ethanol
were estimated based on the Btucontentofethanol and the
performance of gasoline engines.
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Table 8A-2 Pumping plant component standard efficiency values

——
Component Field attainable efficiency, %
Pump efficiency
Centrifugal 75
Vertical turbine 75
Floating tailwater 65
Submersible 65
Drive efficiency
Direct drive 100
Right-anglegeardrive 95
Multiple V-belt 90
Flatbelt 85
Power unit efficiency
Internal combustion engine (diesel) 31.7
Internal combustion engine (gasoline) 23.6
Internal combustion engine (natural gas) 22.6
Internal combustion engine (propane) 25.6
Electrical motor, 3 phase, serving submersible pump 80.0
Electrical motor, single phase, serving submersible pump 75.0
Electrical motor, vertical hollow shaft, 10-100 hp rating 90.0
Electrical motor, vertical hollow shaft, 100-150 hp rating 91.0
Electrical motor, vertical hollow shaft, 150-300 hp rating 92.0
Electrical motor, V-belt drive, 10-40 hp rating (motor only) 88.0
Electrical motor, V-belt drive, 40-125 hp rating (motor only) 89.0
Electrical motor, V-belt drive, 125-130 hp rating (motor only) 92.0
Variable frequency drive or variable speed drive assuming 3% energy loss and 5% loss for 92.0

required cooling.*

Note: Efficiency shownis drive efficiency only. Motor efficiency must be considered sepa-
rately.

* ITRC Report No. R 06-004, Electric motor efficiency under variable frequencies and loads
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The pumping plant evaluation should initially be com-
pleted atthe pumprpmnormallyusedby the produc-
er.Aspartofthe evaluation, accuracy of the operator’s
normalmethodofrpm determinationischecked with
anelectronictachometer. If the operator wishes to ex-
amine the effect of changing pump rpm on efficiency
and pumping cost, theevaluation canbe conducted
again with new operating conditions.

452.6 (eq. 8A-18)

Thepumpingplant’sfueluserateperhourwasmea-
sured as described in the fuel and energy measure-
mentsection. The operator provided thefuel orenergy
cost per unit of fuel or energy. The fuel cost per hour
obtainedinequation 8A—13isdivided by flowratein
ac-in/hr from equation 8A—19 to obtain the pumping
cost $/ac-in of water pumped.

pumpingcost ($/h)
Qac-in/h

Pumpingcost/ac-in=

(eq. 8A-19)

Additional computationscanbebasedonasingle
irrigation event or the entire season. Using area irri-
gated, set times, and pumping plant flow in acre-inch
per hour, gross irrigation application (in) per irrigation

can be calculated. Multiplying energy fuel cost per
acreinch by gross application provides cost per acre
for a single irrigation. Multiplying fuel cost per acre-
inchbytotalacreswatered perapplication provides
costperinchof grossapplicationontheirrigated area.
The total cost per season can be calculated based on
information provided by the operator on annual hours
of pumping or annual gross irrigation application.

Forexample, aproducerhasapumpingplantwitha
currentfuel cost of $2 peracre-inch. He applied 20
inches gross per year on a 120-acre irrigated field. Sea-
sonal fuel cost is $4,800 (($2/ac-in) (120 ac) (20in)). If
a pumping plant was not serving an irrigation system
ortheoperatorhadabetterhandleonannualhours
pumping,thehourlyenergycostcanbe multiplied by
annual hours of pumping to obtain the seasonal energy
cost (e.g., energy costis $4/hour and plant operates
about 1,200 hours peryear: seasonal energy costis
($4/h) (1,200h)=$4,800).

With annual hours of operation and total irrigated
area, area and time of individual irrigation sets, and
number of irrigations provided by the operator, al-
mostany way of examining pumping costis available
(cost/h, cost/ac-in, cost/ac, cost/in, cost/set, and cost/
season).

Example 8BA—5—Determining standard overall pumping plant efficiency

Given:

A diesel-powered internal combustion engine, with a drive shaft to a right-angle gear drive, and a vertical

turbine pump.

Find:
Standard overall efficiency

Solution:

Assume 100% efficiency for the drive shaft. From table 8A—2 read the following values:

EE = .317
GE = .95
PE =.75

The SOE for this plant would be:

(0.317x1.0x0.95x0.75) x 100=22.59%
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Example 8A—6—Determining the SOFE and potential fuel cost reduction for internal combustion engine

Given:
A diesel powered internal combustion engine with a drive shaft connected to a right-angle gear drive that
powers a vertical turbine pump. Assuming 100% efficiency for the drive shaft.

Find:
The SOE for this plant
Solution:

SOE=(Diesel engine eff.)(drive shaft eff.)(right-angle gear eff.)(turbine pump eff.)

Expressing values from table 8A—2 as decimal percentages:

SOE =(0.317)(1.0)(0.95)(0.75)(100)
=22.59%

Based on field measurements the pumping plant uses diesel at 5 gal/h. The operator pays $4/gal for diesel. The
hourly energy cost=$4/gal x 5 gal/h=$20/h.

The pumping plant evaluation provided a measured MOE of 17%.

The SOE for thisinstallation is 22.6%.

%otsOE</ MOE%) 140
\soE%/

17)
=( 5 /7100
22.6
=175.2%

Potentialfuel reduction:(100—75.2)
=24.8%

(24

Potential hourly cost reduction= k

.8)
cost/h
o5/ ™)

=0.248%x$15/h
=$3.72/h

Potential Annual Cost Reduction = Annual hours of pumping x potential fuel reduction as decimal
1£1,280-h pumping season:

Potential Annual Cost Reduction = ($3.72) (1,280) = $4,762
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Example 8A—7—Determining potential annual fuel cost reduction

Given:

An electric-powered pumping plant serving a 120-acre irrigation system. The pumping plant delivers 900 gpm
toacenterpivot. The pumping plantdischarge pressureis 301b/in2. The pumped water depth pluscolumn
frictionlosswas 130feet. The operator applied 20inches gross perseason, and pays $0.08/kWh for hisenergy.
Thepumpingplantincludesa 100-hpratedelectricmotor (operatingat about 88hpbased onelectric meter
KVA information, and assumed efficiency values from table 11.2 for the motor and VFD), with a 100-hp rated
VFD, multi-V-belt drive, right-angle gear drive, and vertical turbine pump.

Find:
The SOE for the pumping plant and the annual potential fuel cost reduction

Solution:
From table 8A-2: ME =89, VFDE =92, belt drive 90, right-angle gear drive 95%, and pump efficiency of 75%.

The SOE for this plant would be (0.89 x 0.92 x 0.90 x 0.95x 0.75) x 100=52.5%.

Based on field measurements the pumping plant uses electricity at 80.5 kWh/h. The operator pays $.08/kWh.
The hourly energy cost = $.08/kWh x 80.5 kWh/h = $6.44/h.

Calculated OPE:

Thp=80.5x1.34=107.87 (eq. 8A-47)

Output hp(whp) =(30x 2.31+130) x 900/3960= 45.3hp ((eq.8.3)
The measured OPE (45.3/107.87 x 100=41.99%) 42.0% ((eq. 8A-17)

The SOE for this installation is 52.5%.

Percent of SOE = OPE%/SOE% x 100 =42.0/52.5 x 100 = 80%

Potential Fuel Reduction (PFR) = 100% - 80% = 20 percent

Potential CostReduction=20/100xcost/hr=0.20x$6.44/hr=$1.29/hr

Pot Annual Cost Reduction =Annual Hours of Pumping x PFR (as decimal)

If 1,280-hour pumping season:

Potential Annual Cost Reduction =$1.29 x 1,280 =$1,651
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Next, the potential cost savings are computed that
would result if the measured operating efficiency
(MOE) were brought up to a field-attainable standard
overall efficiency (SOE). See example 8A—7.

Note: Some systems are already performingator
above standard pumping plant efficiency, in which
casepotential fuelreduction willbe anegativevalue
andtheoperatorwillnotlikely want tomakechanges.

Note: Onelectric-powered pumping plants,iftheelec-
tricmotorisoperating at 55to 100 percentofitsrated
horsepower, not making noise, and operating with the
legsinbalance and no problem with the electrical sup-
ply (power factor is good), the motor plate and VFD
rated efficiency can be assumed to be correct. If there
1sany question, anelectricianor possibly anelectricity
supplier could verify the conductorlegbalance com-
ingfromthe power supply and addressanyissueswith
power supply.

The actualfield pump efficiency (PE) canbe estimated
fairly accurately by rearranging equation 8A—17 to

solvefor PE and substituting MOE for SOE (notein
thisexamplethere weretwoseparate DEvaluesone
forthebeltdrive onefortheright-angle gear drive

In example 8A-8, the majority of potential improve-
mentsarelikelytobeassociated with the pump.

Unlike electric-powered pumping plants, assumptions
cannotbe made about the field efficiency of engines.
The pumping plant evaluation can provide information
of the relative performance of the pumping plant and
provide costs and potential for cost reductions. An
overall pumping plant efficiency evaluation of an in-
ternal combustion engine powered plant will indicate
whether there is a problem. The evaluation will not
necessarilyindicate thelocationofthe problem (i.e.,
pump, engine, drive components, orpowersupply).

Equipment is available that does allow isolating prob-
lems and evaluating the engine and pump efficiencies
specifically. A torque cell utilizes a strain gage installed
inline with a drive shaft to measure engine output
horsepowerandhencethepumpintakehorsepower

Example 8A-8—FEstimating field pump efficiency

Given:

From example 8A—A7, whp was 45.3 hp, the ithp was 107.9 hp, and the MOE was 42%:

Find:
The field pump efficiency
Solution:

SOE(%)=(MExVFDExDExPE...) x100

Substituting MOE for SOE and solving for PE

(MOE% )

PE(asdecimal)= 4100
(MExVFDExDEBDxDEGD)

(o)

100
(0.92x0.89x0.9x0.95)

=0.600r60%

(eq. 8A-17)
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in the field (fig. 8A—4). With this information, infield
pump efficiency andinfield engine efficiency can be
calculated.

Intheabsenceofatorquecell, standard operating
procedureistoassessandevaluate operationand
maintenance (O&M), and take any aboveground and
easily assessed O&M actions that might improve
system performance and rerun the evaluation to check
improvement. If the problem cannot be isolated, the
operator may wish to locate a service provider who
hasthetorquecellequipmenttorunatest. Laborcosts
involved in pulling a deep well vertical-turbine pump,
and putting it back in the well after repairs and reset-
tingit, can be as much or more than the cost of actu-
ally repairing a pump onceitisremoved fromthe well.
Additional details will be provided in the troubleshoot-
ing section. Therefore,itisimportanttobe surethe
problemisthe pump before pulling it from the well.

If an inefficient pumping plant is tested, personnel
canusethetroubleshooting sectiontoprovidefarm-
ers withitems to check before pulling the pump, such
asimproper carburetor adjustment, improper timing,
spark plugs needing cleaning, improper natural gas
pressure at the carburetor, or improper bowel adjust-
ment. Pumping plant evaluations are also useful in
spotting oversized engines and electric motors. Over-
sized internal combustion engines usually operate less
efficiently when underloaded. Electric energy base

Figure 8A—4 Torquescellinstalled to measure engine
s output horsepower during Louisiana NRCS
pumping plantevaluation

demand charges for electric powered pumping plants
are often based on the horsepower rating of the elec-
tric motor. It can sometimes save money to switch to
smaller hp rated electric motors that are fully loaded.

Check fuel cost and potential fuel cost reductions.
Depending on energy cost fluctuations, there are times
when a small efficiency improvement will result in
substantial fuel or energy cost reductions. If potential
fuel reductions exist, look first at routine maintenance
items that the operator might have neglected or over-
looked. Look first toitems that can be easily accessed
and accomplished or for which assistanceisreadily
available atlow cost. For example, an operator would
wanttolook ataspark plugreplacement and tune up
onanaturalgasenginebefore pulling a pump from 300
feet down a well to have it checked out.

(b) Methods for building a field pump
curve

Afield pump test can be conducted to develop total
dynamichead, horsepower,andefficiency curvesasa
function of pumped flow rate. This test could be on an
existing pumping plant being considered for use with
an alternative application (e.g., if an existing pumping
plant had been designed and installed to provide water
to a high-pressure sprinklerirrigation system and the
farmer would like to know how the system would
perform whenitwasconverted toalow-pressureir-
rigation system without any modification or upgrades).
Inordertospecify requirementsofanewirrigation
system, operating characteristics of the existing pump-
ing plant must be known (otherwise anticipated per-
formanceisaguess).

The following is an example protocol for conducting
thistest. Thefield pump testisconducted by remov-
ing a section of existing pipe from the pump discharge
andinserting atestpipe section equipped with a flow
meter, pressure gauge, and a valve to regulate flow
and discharge pressure, or by configuring the exist-
ingdischarge line from the pump with a flow meter,

a pressure gauge, and butterfly squeeze down or gate
valve to regulate flow. Discharge water during the test
should be diverted or routed to a safe discharge
location. Water discharged during the test can often
be disposed of into areas growing crops, where it can
bebeneficially used. The size ofthe valve must match
thesizeofthe dischargeline (fig. 8A—5). Care mustbe
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taken when planning the test system layout to ensure
no existing underground pipelines are unintentionally
exposed topressurethatexceedsthe pipe’srating.
Chains and anchoring will likely be necessary to keep
test equipment connected and in place during test.

This field test consists of three basic measurements:
flow rate, totalhead on the pump, and energy con-
sumed. The flow will be measured with a flow meter.
The total dynamic head is the elevation difference
between the pointof discharge and the waterlevel,
thefrictionlossinthe column pipe, and the discharge
pressure all measured in feet. Water levels in the well
canbemeasured with anelectricsounderorairline.
The pressure in the discharge line is measured using
apressuregage,thenconvertedtofeet. Allmanufac-
turer recommendations concerning the installation of
the flow meter and pressure gage should be followed
regarding distances from elbows bends and valves.

Theinput power consumed by the pump driver will

be measured and recorded for each flow condition
during a specified time period. If the pumping plant is
powered by an electric motor and power consumption
is measured with an electric meter equipped with a
test dial capable of providing a measurement of kWh/h
(KW)orequivalent, the metermaybeused tomeasure
inputelectrical power at each flow condition. If an
electric meter is not present, individual pumping plant

Figure 8A—5 Discharge pipe with flow meter and valve
——

input power canbe computed based on measured
input voltage and amperage (this method should only
be used by a qualified individual).

Ifthe power sourceisaninternal combustion engine
use a fuel flow meter, graduated volumetric container
or container on scales to measure the weight or volu-
metricrate offuel use. Thatrate canthenbe convert-
ed toihp for each flow condition. The pumping plant
shouldbeoperated continuously foratleast 24 hours
toensurethe drawdownis stable before the test. Ac-
tual performance with a particular pump may neces-
sitate changing the protocol. For example, a pumping
plantmaynotbecapableof delivering the targetflow
rate at open discharge.

Before starting the test, static water level in the well
and its elevation relative to the pump discharge pres-
sure monitoring point are measured. The first set of
measurements will be taken with the valve fully open
and free discharge from the pumping plant. The pump
willoperate untilthe flowrateand drawdownlevelin
the well have stabilized. Stabilized can be considered
aslessthan 1footchangein pumping waterlevel over
the time of the test. Then the rate of flow, gallon per
minute, discharge head, pound per square inch, power
consumptionrate (kW-h/horgal/h,orlb/h),and pump-
ing waterlevel (feet below ground surface at pump)
arerecorded fora 10-minute period.

Next, the valve willbe closed until the target (desired)
flow rate is achieved and discharge pressure measured
and converted to feet of head. The pump will be oper-
atedinthisconditionuntiltheflowrateand draw-
downlevelinthe well stabilize. The pump mustberun
at this discharge pressure for a measured 10-minute
period and valuesofrate of flow, discharge head, fuel
or power consumption rate, and pumping water level,
feetbelowlocation where discharge pressureis mea-
sured, recorded. Totaldynamichead (TDH) willbe ap-
proximated as (pumping depth + (discharge pressure
x 2.31 ft of head/psi)). Friction loss in the column pipe
fromthepumpintaketothepointdischarge pressure
canbecalculated and added to the TDH value to pro-
vide a more accurate measurement,

Thisprocedure willberepeated ataflowratethatis
60, 80, 120, and 140 percent of target, providing 5 test
points. The measurements taken at these 5 points will
thenbeusedtoprepare afield pump performance
curveofflowrate versus TDH, output horsepower,
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and overall pumping plant efficiency versus flow rate
curves can also be plotted. For each new considered
application,thetestdatacanbeusedtoassesspump-
ing plant capability, expected performance, and poten-
tialoperating costbyplottingtheactualpumpihpand
pump efficiency. For electric-motor-powered pump-
ing plants equipped with right-angle gear drives, use
atorque cellin the test to separate motor or engine
horsepower from pump horsepower (fig. 8A—6). An al-
ternative to a torque cell would be to estimate electric
motor efficiency. An electrical motor should be very
closetoitsrated efficiency if the motoris operating
within its stated range. On three-phase motors, am-
perage of the three legs needs to be balanced for the
motor to meetitsrated efficiency.

The irrigation system curve (output flow rate versus
TDH for the pumping plant) can be plotted on the
field-developed pump curve. The point where the
curvescrosswould provide thesystemoperating
point.

The testing protocol will need minor adjustment on
other types of pump. Centrifugal pump should never
be operated at zero head (wide open, no back pres-
sure) nor at shutoff head for long periods of time. Ei-
ther condition will cause damage to the pump or mo-
tor (if electrically powered). Many centrifugal pumps
are above ground, wherethe name plate canbeac-
cessed. Thismakesit much easiertofind outenough
abouttheexistingpumptoavoidoperatingthe pump
outside its reasonable operating range during tests.
When you have zero discharge pressure at a turbine
pump outlet, the pump will still be working against a
headequaltothewatertabledepth plusfrictioninthe
column pipe. With a centrifugal pump, the discharge
may actually bebelow the water surfaceelevation. To
avoid problemsin either ofthese conditions, watch
pressure head signs.

Figure 8A—6 Electric motor hooked toa 90-degree angle gear drive, Vermillion Parish, LA
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(c) Troubleshooting and improving
pumping plant performance

Checkfuel cost and potential fuel costreductions.
Somesystemsarealready performingatorabove
standard pumping plant efficiency, in which case the
operatorwilllikelynot wanttochangethe system.
Depending on energy cost fluctuations, there are times
that a small efficiency improvement will result in
substantial fuel or energy cost reductions. If potential
fuel reductions exist, look first at routine maintenance
items that the operator might have neglected or over-
looked. Look first toitems that can be easily accessed
andaccomplished or for which assistanceisreadily
available atlow cost. For example, an operator would
wanttolook ataspark plugreplacement and tuneup
onanatural gasenginebefore pulling a pump from 300
feet down a well to have it checked out.

(1) Problems found during past evaluations:

+ Evidence of inadequate well development (sus-
pended fine sediment in discharge water from
newly drilled well)

Pump operating point mismatched with applica-
tion requirements

Lack of flow monitoring resulting in producer
overestimation of pump plant flows

Engine-powered pumping plants often operated
pumps at rpms different than designed

Stray electricity voltage leaks found on several
control panels and motors

Many installations showed signs of iron bacteria.
Itis likely that a number of the pumping plants
tested had screen capacity reductions duetoiron
bacterial slime

Some State well-drilling requirements result
insealsbeing placed between pump columns
and well casing, making water depth in column
impossible to measure. The correct amount
ofchlorinerequiredtotreatironbacteriaina
particular well is difficult to determine without a
way to measure water volume needing treatment
((welldepth-staticwaterlevel) x cross-sectional
areaof casing)

Water tests are often not available on pumping
plants tested. Properly designed well screens
typically have an entrance velocity of less than

0.1foot persecond. If calcium or magnesium car-
bonate or calcium or magnesium sulfate mineral
encrustations are common onlocal well screens,
the condition would be aggravated by well
screen entrance velocitiesof greaterthan 0.1foot
persecond. Higherscreenentrancevelocitiesac-
celerate mineral encrustation according to NDSU
AE-97, Care and Maintenance of Irrigation Wells.

Notedimportance of developing cooperative
relationships with electricity suppliers for ob-
taining assistance when new electric meters or
meter programming options are encountered in
thefield.

Noted several new pumping plants with low
measured pump efficiencies. Could be combina-
tion of factors:

— Possible inadequate well development

— Checkforelectricmeterreadingerror,
ensureelectricwiringiscorrect, pumpsare
turninginthecorrectdirection,andalllegs
on three-phase are balanced.

— Checkthatcorrect model and size of pump
wasinstalled

— Pumps operated at different rpms than
designed

— Pump operating point mismatched with ap-
plication needs

— Possible flow meter inaccuracy

— Pumping depth estimates or measurements
may have been off

Watch operation and maintenance requirements.
To enhance future recommendations, talk to
producers to learn their O&M procedures, timing,
expenses, quantities of fluids needed, etc.

Initial assumptions of annual pumping hours
were too high for some areas. Need to interview
farmersclosely concerning time tocomplete in-
dividual irrigation sets and number of irrigations
perseasoninordertoestimate pumping costs
and potential fuel cost reductions accurately.

Noted need for frequent diesel fuel tank filter
changes. Encountered a number of stopped-up
tank filters.

Pipeline velocities exceeding 5 feet per second
were found. These operating conditions result in
high friction losses and increased potential for
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pipeline and appurtenance damage due to surge
pressures.

New and innovative procedures developed dur-
ing field testing that greatly enhanced ease of
obtaining field diesel flow measurement with
diesel meter (portable fuel pump to prime diesel
engines, fill fuel lines, install fuel line valves, and
bleed air to make diesel meter work).

Safetyissues

— Drive shaft danger—lack of shields

— Electrical leaks

— Natural gas leaks

— Make sure a valve is at least partially open
when starting pump

Underloaded internal combustion engines. If
input power supply hasno problems, an electric
motor can generally operate at near its rated
efficiency when unloaded and operated at aslow
as 50 percent of its rated horsepower. Internal
combustionengines generally donotrespond to
underloading in the same way. Generally, a sig-
nificantly underloaded engine will see significant
dropsinengineefficiency.

Overloading of electric motors: electric motors
operated ator above their rated horsepower con-
sidering servicefactor willoperate hot. Theextra
heatwillbewasted energy and willdecrease
motorefficiency. Thiscanresultwhenapumping
plant that was installed to serve a low-pressure
systemisused withoutreworking toserve anew
higher-pressure system.

In areas where aquifer water tables have dropped
and well yields have decreased, gate valves and
Plexiglas windows are sometimes installed with
a dresser coupling at the pump discharge. The
gatevalveissqueezed downonthedischarge
pipe until white water clears in the Plexiglas
windowindicatingthepumpisnolonger pump-
ingair. Pressures of 60 to 70 pounds persquare
inch havebeenobserved on apumpthatwas
producing only 35 gallons per minute. When this
isdone,itlowers pumping plantefficiency but
withlow well yield, pumping costislow enough
that operators sometimes do not realize the

cost of inefficiency as quickly as they would on
larger-yield wells (i.e., cost/ac-in is high but ac-in
pumpedislow).

+ Electricmotorson submersiblescanoverheatas
aresultofinadequate cooling water flow overthe
motor due to well or aquifer yield problems.

* Impellor adjustment on open and semiopen im-
pellers may be needed (this should only be done
byaqualifiedindividual). Canbe caused by—

— Sand pumping

— Past adjustment of impellors by unqualified
individual

— Shaft tightening after initial or rework pump
installation without followup adjustment

— Initial impellor adjustment may have been
incorrect

* Impropernatural ICE natural gas pressure at
engine intake. Caused by:

— Pressure drop in gas line when multiple
customers on line all irrigate at same time
(pressure at carburetor too low)

— Operator adjustment of pressure regulator
on gas meter without checking pressure with
gage because of concerns about condition in
sand pumping often resulting in pressure at
engine intake being too high. Higher natural
gas pressures will be required at engines
intakes on engines equipped with a turbo-
charger.

— Faultynatural gas pressure regulator aten-
gineormeterdependingondeliverysetup.

Improper timing, carburetor adjustment, or worn
spark plugs.

Natural gas leaks—sniff and listen when pos-
sible. Kill the engine and check if there is low
efficiency.

During the test, if multiple pumping plants are on
the same pipe network asthe onebeingtested,
gobytheotherplantsandlistenforrunning
water. Thiswouldindicate acheck valve stuck
open and part of the flow from the tested plant
notbeing measured. Ifthisisfound, it should be
reported to the operator for check valve repair or
replacement

(d) Possible errors in data gathering
(1) Incorrect gas or electric meter reading. Usu-

ally easy to spot on electric system becauseitis
usually duetoamissing multiplierand mostofthe
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gasmultipliersarefairlyhigh.Itisnotaseasyto
spotonnatural gassystemswherethepressurecor-
rection multipliers are often somewhere between

1 and 1.5. Always verify multipliers on a particular
meter with the energy supplier.

(2) Problems can occur when several pumping
plants are served by one gas meter or one well.
Check pump discharge pressure on each plant when
all pumping plants are operating as the producer
normally would. Then start up one pumping plant at
atimeand putback pressure ontheplanttomatch
discharge pressure the pumping plant had when the
other pumping plants were operating also. Use a
squeeze down valve to do this (be careful).
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(@) Pump screens and screen
requirements

Most surface water sourcesrequire useofatleast
some type of screen to protect the pumps, piping,
valves, andfittingsfrom debrisinthe water. A screen
should be used on any source in which there may

be foreign material larger than can pass through the
pumpeasily. Buteventhen,damagecanbecaused by
small participles that may get lodged in the bearings
and seals.

Thereare manytypesofscreenthatrangefromthe
typethatfitdirectly ontothesuctionpipe tomassive
screens made tocover the entire sump. The screens

canbe anywhere from passive, which is a static screen

thatneedstobecleaned manually, toan active screen
that incorporates the latest self-cleaning technology.
Screenscanbeflatorcircular, mounted vertically or
horizontally, and canbe constructed of many differ-
entmaterials. Commontypesofscreensare shownin
figures 8B—1through 8B-10.

Figure 8B—2 Slanted screen with moving brush Ontario,
meesessss OR

Figure 8B—1 Suction end screen with internal spray Twin
s Falls, ID

Figure 8B-3 Bank of rotating circular screens with inter-
s nal sprays Farson, WY
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Figure 8B—4 Rotatingscreen with external spraynear Figure 8B—6 Slanted stationaryscreenRichland, WA
s Boardman, OR

Figure 8B-5 Vertical stationary screen Colusa, CA Figure 8B—7 Turbulentfountain screen Hotchkiss, CO
—— ——
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(b) Selection and design tobe the most common method of screening. Suction
strainers tend to clog more readily and are difficult

Screening objectives, location, screen type, and clean- toclean. Screens must be located to allow incoming

ing method must be considered to develop a screen flows to passthrough the screenbefore reaching any

installation that compliments the pumping plant. pumpintake, flow tobeevenly distributed overthe

Screening diversions can serve multiple objectives, submerged surface, and cleaning to be accomplished

such as fish protection, and debris and sediment coincident with pump operation.

management. Each objective will impact selection

of screenlocation, screen type, and screen cleaning (1) Screen material

method. Conventional bar screens (trash racks) tend Fish screens are commonly constructed using a metal

frame supporting a screen fabric made from metalor a
UV-protected synthetic material. The frame and screen
fabric should be strong enough to prevent collapse

of the screen should the screen fabric become totally
plugged. The screen should be designed to withstand
thisconditionasitproducesthe maximum water dif-
ferentialacrossthe screen. Commonscreenfabrics
used arewovenwire, perforated plate, and wedge-
wire (also called profile wire). Each fabric type can

be found constructed of different materials including
stainless steel, coated steel, aluminum, copper alloys,
and synthetic materials like acrylic and nylon (fig.
8B—-11). Choosingascreen fabric should include con-
sideration of durability, cost, fabric structural support
required, and ease of cleaning (Medford 2012).

Figure 8B—-8 Flat over pour screen Othello, WA
|

Figure 8B-9 Perforated concrete drainage pipe used asa Figure 8B-10 Coanda screen Lyman, WY
sesssss——— coarse screen Ft. Morgan, CO ——
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(2) Headloss

Thehead dropthroughacleanscreen structureis
acumulativefunctionofapproach velocity, screen
fabric, screen baffling, and screen type. Actual head
loss, accountingfor screen geometry and partialloss
of screen area due to debris plugging, canbe 5 to
10timesthe headlosscalculated for acleanscreen.
Screensshouldhaveenoughsurfaceandopenarea
thatthe through velocity should beintherange of 1
to 2.5 feet per second (fish screens may require lower
velocities) while still maintaining the desired screen-
ingfunction. Theheadlossthroughthe screenmay
becalculated usingequation 8-2forlocallosses. The
Kfactor willbe based on several factors; Shape and
size of the opening, thickness of the screen, approach
velocity and velocity through the screen figure 8-B12
showstherelationship of some of these values. For
moreonlossesthroughscreenconsult Discharge
Coefficients through Perforated Plates at Reynolds
Numbers of 400 to 3000 (Smith and Winkle 1958)

and Fluid Flow through Woven Screens (Armour and
Cannon 1968). Additional head may also be required
for screensrequiring a high sweepingvelocity ora
flow-driven power source. Screens may also impact
the NPSHa, especially when partially clogged. These
concerns need to be accounted for in the design.

(a) Fish screens

One ofthe biggest concerns for screens in recent years
has become endangered species (mainly whether the
screenisfishfriendlyornot). Some general criteria

regarding pump screens and fish are asfollows. These
criteria may vary based on species and whether or not
the problem is juvenile or adults.

* Screenmaterialopenareamustbeatleast27
percentofthe total wetted screen area.

+ Perforated plate: circular screen face openings
mustnotexceed 3/320r0.0938inch (2.38 mm) in
diameter.

+ Mesh/wovenwirescreen:squarescreenface
openings mustnotexceed 3/320r0.09381inch
(2.38mm) onadiagonal.

* Profile bar screen/wedge wire: slotted screen
faceopenings mustnotexceed 0.0689inch (1.75
mm) inthe narrow direction.

* Screenareamustbelarge enoughnottocause
fish impact. The wetted screen area required
dependsonthewater approach velocity.

+ Approachvelocityisthewatervelocity perpen-
diculartoandupstreamofthevertical projection
of the screen face.

* Anactivepumpscreenisaself-cleaning screen
that has a proven automatic cleaning system.
Thescreen approach velocity for active pump
screens must not exceed 0.4 foot per second or
0.12 meter per second. The minimum wetted
screenareaneededinsquarefeetiscalculated by
dividing the maximum water flow rate in cubic
feet per second (1 ft3/s = 449 gpm) by 0.4 cubic
foot per second.

Figure 8B-11

Variousscreening materials.
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+ Apassive pump screenisascreenthathasno Moreinformationondesigningfish screenscanbe
automated cleaning system. Screen approach ve- found in Pocket Guide to Screening Small Water
locity for passive pump screens must not exceed Diversions—A guide for planning and selection of fish
0.2 cubic foot per second or 0.06 cubic meter screens for small diversions, available through the U.S.
per second. The minimum wetted screen area Bureau of Reclamation.

neededinsquarefeetiscalculated by dividing
the maximum water flow ratein cubicfeet per

second by 0.2 cubic foot per second. (b) Operation and maintenance

Pump screen depth: the screen mustbe sub- If a screen does a good job, it will become plugged and
merged atleastone screenradiusbelow the require cleaning. This can be a major source of main-
minimum water surface with a minimum of one tenance andlabor, depending onthe water source. A
screenradiusbetween the screenbottom and the method Ofaccessing and Cleaning the screenneeds
waterbottomorconstructed surface. tobe planned for and made partofthe design. Trash

can accumulate in such quantities as to entirely block
the incoming flow. An accumulation of trash increases
head loss and reduces the NPSHa. Many cleaning
methods are available, however, most methods fall
into one of three categories with combinations of
cleaning methods also possible (Medford 2012).

+ Back-flushing the screen to lift impinged debris
off the surface using compressed air or pres-
surized water or rotating/pivoting the screen to
back-wash the screen using screened flow.

* Mechanical or hand brushing or raking the up-
stream face of the screen.

+ Creatingalargesweepingvelocity (Vs)toap-
proach velocity (Va) ratiosuch that debrisis
swept along the screen by the sweeping flow.

Thebest method for eachlocation, pump, and situa-
tionneed tobe selected earlyin the planning process
To prevent screen failure later on.
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Figure 8B-12  Screen material-velocity relationship

Round wire mesh screen
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(@) Pump nomenclature
Nameplate Data

Thiswillbe alittledifferent for each manufacturer, but
figure 8C-1 demonstrates general method.

(b) Most common pump configurations

Figure 8C—-2demonstrates mostofthe commoncen-
trifugal pump configuration encountered in the field.

(c) Pump terms and parts

Figure 8C—3 shows cross sections of two styles of
centrifugal pump labeling each of the parts.

The double volute pumpisusedtobalanceradial
thrust from the impeller. It is particularly used for
single stage large capacity, high head pumps and multi-
stage pumps developing high heads.

Figure 8C—1 Nameplate nomenclature for a Berkeley pump.
|

Model Number

Example: B6ZPH

8 - Berkeley Tpe B centrifugal

& - Pump discharge size - 6inch

Z - Nominal Impeller diameter - 9 inch
# - Pump Tpe - Electrical Motor Drive
H - Impeller Capacity - High

Brand Name

BERKELEY PUMPS

8.N. OR DATE

Serial Number

Example; G130608

Date Code. Represents the day,
month, and year that the pump
was bult

MPELLER DIA,

BERKELEY
. ®

Impeller Trim

Example: 625

Size of outside diameter of
impeller. Required when
ordering replacement impeller

Bill of Material number

or Catalog Number
Example: B69536
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Figure 8C—2 Common pump configurations (courtesy of Corrnell Pump Company)
—

S
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e
—
Base-coupling-guard mounted D 1
horizontal frame unit QL'J
can be mounted with a motor or other .

driver on acommon base Horizontal frame (F)

driver flexibility

|

SAE engine mount (EM) Close-coupled gear box
ideal for remote locations or where
electrical powerisnotavailable

@ 0)
u
s O

\

4

Vertical close-coupled (VM)

Vertical coupled (VC) Vertical frame (VF)
this vertical style is desirable minimal floor space required driven by flexible shaft
wherespaceislimited standard “P” base motor used

from motor above pump
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Figure 8C—3 Cross-section of two types of volute pumps.

—
/— Discharge /— Discharge

Cut water or
Volute tongue

Tmpeller

Volute Double Volute

Vanes Vanes

Suction eye Suction eye

L ~_| - ~

Single Volute Centrifugal Pump Double Volute Centrifugal Pump

Used to balance radial thrust from the impeller
particularly used for single stage large capacity,
high head pumps and multistage pumps developing
high heads
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(a) Motor efficiency tables

Table 8D-1 provides the minimum nominal efficiency
ratings for high efficient motors under EISA legisla-
tion. Table 8D-2 provides EISA requirements for
NEMA Premium™ motors (exceed EISA efficiency
requirements). Table 8D—3 provides efficiencies for
pre-EISA pump motors (standard efficiency).

Table 8D-1 Full-load efficiencies of energy efficient motors
—

Motor Nominal full-load efficiency
horsepower Open motors Enclosed motors
2 pole 4 pole 6 pole 8 pole 2 pole 4 pole 6 pole 8 pole
1 — 82.5 80.0 74.0 75.5 82.5 80.0 74.0
1.5 82.5 84.0 84.0 75.5 82.5 84.0 85.5 77.0
84.0 84.0 85.5 85.5 84.0 84.0 86.5 82.5
84.0 86.5 86.5 86.5 85.5 87.5 87.5 84.0
85.5 87.5 87.5 87.5 87.5 87.5 87.5 85.5
7.5 87.5 88.5 88.5 88.5 88.5 89.5 89.5 85.5
10 88.5 89.5 90.2 89.5 89.5 89.5 89.5 88.5
15 89.5 91.0 90.2 89.5 90.2 91.0 90.2 88.5
20 90.2 91.0 91.0 90.2 90.2 91.0 90.2 89.5
25 91.0 91.7 91.7 90.2 91.0 924 91.7 89.5
30 91.0 92.4 92.4 91.0 91.0 924 91.7 91.0
40 91.7 93.0 93.0 91.0 91.7 93.0 93.0 91.0
50 92.4 93.0 93.0 91.7 92.4 93.0 93.0 91.7
60 93.0 93.6 93.6 92.4 93.0 93.6 93.6 91.7
75 93.0 94.1 93.6 93.6 93.0 94.1 93.6 93.0
100 93.0 94.1 94.1 93.6 93.6 94.5 94.1 93.0
125 93.6 94.5 94.1 93.6 94.5 94.5 94.1 93.6
150 93.6 95.0 94.5 93.6 94.5 95.0 95.0 93.6
200 94.5 95.0 94.5 93.6 95.0 95.0 95.0 94.1
250 94.5 95.4 95.4 94.5 95.4 95.0 95.0 94.5
300 95.0 95.4 95.4 — 95.4 95.4 95.0 —
350 95.0 95.4 95.4 — 95.4 95.4 95.0 —
400 95.4 95.4 — — 95.4 95.4 — —
450 95.8 95.8 — — 95.4 95.4 — —
500 95.8 95.8 — — 95.4 95.8 — —

Source: National Electrical Manufacturers Association, NEMA MG-1, table 21-11.
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Table 8D-2 Full-load efficiencies for 60 Hz NEMA Premium®

—
Efficient electric motors rated 600 volts or less (random wound)

Motor Nominal full-load efficiency
horsepower Open motors Enclosed motors

2 pole 4 pole 6 pole 2 pole 4 pole 6 pole
1 77.0 85.5 82.5 77.0 85.5 82.5
1.5 84.0 86.5 86.5 84.0 86.5 87.5

85.5 86.5 87.5 85.5 86.5 88.5

85.5 89.5 88.5 86.5 89.5 89.5

86.5 89.5 89.5 88.5 89.5 89.5
7.5 88.5 91.0 90.2 89.5 91.7 91.0
10 89.5 91.7 91.7 90.2 91.7 91.0
15 90.2 93.0 91.7 91.0 92.4 91.7
20 91.0 93.0 92.4 91.0 93.0 91.7
25 91.7 93.6 93.0 91.7 93.6 93.0
30 91.7 94.1 93.6 91.7 93.6 93.0
40 92.4 94.1 94.1 92.4 94.1 94.1
50 93.0 94.5 94.1 93.0 94.5 94.1
60 93.6 95.0 94.5 93.6 95.0 94.5
75 93.6 95.0 94.5 93.6 95.4 94.5
100 93.6 95.4 95.0 94.1 95.4 95.0
125 94.1 95.4 95.0 95.0 95.4 95.0
150 94.1 95.8 95.4 95.0 95.8 95.8
200 95.0 95.8 95.4 95.4 96.2 95.8
250 95.0 95.8 95.4 95.8 96.2 95.8
300 95.4 95.8 95.4 95.8 96.2 95.8
350 95.4 95.8 95.4 95.8 96.2 95.8
400 95.8 95.8 95.8 95.8 96.2 95.8
450 95.8 96.2 96.2 95.8 96.2 95.8
500 95.8 96.2 96.2 95.8 96.2 95.8

Source: National Electrical Manufacturers Association, NEMA MG-1, table 12—-12.

8D-2 (210-VI-NEH, Amend. 78, January 2016)



Chapter 8

Irrigation Pumping Plants Part 623

National Engineering Handbook

Table 8D-3 Average efficiencies for standard-efficiency motors at various load points
|

Efficiencies for 900 rpm, standard-efficiency motors

Motor Load level in percent
size Open drip proof (ODP) Totally enclosed fan cooled (TEFC)
100% 75% 50% 25% 100% 75% 50% 25%
10 87.2 87.6 86.3 78.3 86.8 87.6 86.8 77.3
15 87.8 88.8 88.2 79.6 87.5 88.7 88.1 79.1
20 88.2 89.2 88 81.8 89.2 89.9 89.2 82.6
25 88.6 89.2 88 83.0 89.7 90.3 89.1 78.6
30 89.9 90.7 90.2 84.5 89.6 90.5 86.5 84.1
40 91.0 91.8 91.7 86.2 90.5 91.4 85.5 85.0
50 90.8 91.9 91.1 87.1 90.2 91.0 90.2 84.9
75 91.7 92.4 92.1 86.5 91.6 91.8 91.0 87.0
100 92.2 92.2 91.8 85.8 92.4 92.5 92.0 83.6
125 92.9 92.3 91.7 86.9 93.0 93.1 92.1 87.9
150 93.3 93.1 92.6 89.5 93.0 93.4 92.5 NA
200 92.8 93.5 93.1 NA 93.7 94.1 93.4 NA
250 93.1 93.5 93.0 NA 91.7 94.8 94.5 NA
300 93.1 93.7 92.9 92.7 94.4 94.2 93.7 NA
Efficiencies for 1,200 rpm, standard-efficiency motors
Motor Load level in percent
size Open drip proof (ODP) Totally enclosed fan cooled (TEFC)
100% 75% 50% 25% 100% 75% 50% 25%
10 87.3 86.9 85.7 78.5 87.1 87.7 86.4 80.3
15 87.4 87.5 86.8 80.8 88.2 88.1 87.3 80.7
20 88.5 89.2 88.8 84.1 89.1 89.7 89.4 82.8
25 89.4 89.7 89.3 85.0 89.8 90.5 89.8 83.5
30 89.2 90.1 89.8 87.6 90.1 91.3 90.7 84.6
40 90.1 90.4 90.0 85.8 90.3 90.1 89.3 85.3
50 90.7 91.2 90.9 86.9 91.6 92.0 91.5 86.7
75 92.0 92.5 92.3 88.6 91.9 91.6 91.0 87.2
100 92.3 92.7 92.2 87.4 92.8 92.7 91.9 86.5
125 92.6 92.9 92.8 87.9 93 93 92.6 88.7
150 93.1 93.3 92.9 89.7 93.3 93.8 93.4 91.1
200 94.1 94.6 93.5 91.5 94.0 94.3 93.6 NA
250 93.5 94.4 94.0 91.9 94.6 94.5 94.0 NA
300 93.8 94.4 94.3 92.9 94.7 94.8 94.0 NA

(210-VI-NEH, Amend. 78, January 2016)
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Table 8D-3 Average efficiencies for standard-efficiency motors at various load points—continued

—
Efficiencies for 1,800 rpm, standard-efficiency motors

Motor Load level in percent
size Open drip proof (ODP) Totally enclosed fan cooled (TEFC)

100% 75% 50% 25% 100% 75% 50% 25%
10 86.3 86.8 85.9 80 87 88.4 87.7 80
15 88 89 88.5 82.6 88.2 89.3 88.4 80.7
20 88.6 89.2 88.9 83.3 89.6 90.8 90.0 83.4
25 89.5 90.6 90.0 86.6 90.0 90.9 90.3 83.4
30 89.7 91.0 90.9 87.3 90.6 91.6 91 85.6
40 90.1 90.0 89.0 86.3 90.7 90.5 89.2 84.2
50 90.4 90.8 90.3 88.1 91.6 91.8 91.1 86.3
75 91.7 92.4 92.0 87.7 92.2 92.5 91.3 87.1
100 92.2 92.8 92.3 89.2 92.3 92.1 91.4 85.5
125 92.8 93.2 92.7 90.7 92.6 92.3 91.3 84
150 93.3 93.3 93.0 89.2 93.3 93.1 92.2 86.7
200 93.4 93.8 93.3 90.7 94.2 94.0 93.1 87.8
250 93.9 94.4 94.0 92.6 93.8 94.2 93.5 89.4
300 94.0 94.5 94.2 93.4 94.5 94.4 93.3 89.9

Efficiencies for 8,600 rpm, standard-efficiency motors

Motor Load level in percent
size Open drip proof (ODP) Totally enclosed fan cooled (TEFC)

100% 75% 50% 25% 100% 75% 50% 25%
10 86.3 87.7 86.4 79.2 86.1 87.2 85.7 77.8
15 87.9 88.0 87.3 82.8 86.8 87.8 85.9 79.5
20 89.1 89.5 88.7 85.2 87.8 89.6 88.3 79.7
25 89.0 89.9 89.1 84.4 88.6 89.6 87.9 79.3
30 89.2 89.3 88.3 84.8 89.2 90.0 88.7 81.0
40 90.0 90.4 89.9 86.9 89.0 88.4 86.8 79.7
50 90.1 90.3 88.7 85.8 89.3 89.2 87.3 82.0
75 90.7 91.0 90.1 85.7 91.2 90.5 88.7 82.5
100 91.9 92.1 91.5 89.0 91.2 90.4 89.3 83.8
125 91.6 91.8 91.1 88.8 91.7 90.8 89.2 82.6
150 92.0 92.3 92.0 89.2 92.3 91.7 90.1 85.6
200 93.0 93.0 92.1 87.9 92.8 92.2 90.5 84.9
250 92.7 93.1 92.4 87.1 92.7 92.5 91.2 90.3
300 93.9 94.3 93.8 90.4 93.2 92.8 91.1 89.9

Source: U.S. Dept. of Energy: Determining electric motor load and efficiency, DOE/GO-10097-517, Motor Challenge Program.
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Appendix E  Economics

L) IRALE

Table 8E—1 Present value of a series of annual equal payments

]

A= 4 n ] " P= present value factor (where A=1)

n= 20.0 P=(A)Y1- n= number of years for series of annual payments
i= 0.04 1 ||_ (1+ 1)n_| 1= annual interest rate expressed as a decimal

P= 13.5903

Annual interest rate, i, percent

n, 1% 2% 3% 4% 5% 6% % 8% 9% 10% 11% 12%
years

1 0.9901 0.9804 0.9709 0.9615 0.9524 0.9434 0.9346 0.9259 0.9174 0.9091 0.9009 0.8929
2 1.9704 1.9416 1.9135 1.8861 1.8594 1.8334 1.8080 1.7833 1.7591 1.7355 1.7125 1.6901
3 2.9410 2.8839 2.8286 2.7751 2.7232 2.6730 2.6243 2.5771 2.5313 2.4869 2.4437 2.4018
4 3.9020 3.8077 3.7171 3.6299 3.5460 3.4651 3.3872 3.3121 3.2397 3.1699 3.1024 3.0373
5 4.8534 4.7135 4.5797 4.4518 4.3295 4.2124 4.1002 3.9927 3.8897 3.7908 3.6959 3.6048
6 5.7955 5.6014 5.4172 5.2421 5.0757 4.9173 4.7665 4.6229 4.4859 4.35563 4.2305 4.1114
7 6.7282 6.4720 6.2303 6.0021 5.7864 5.5824 5.3893 5.2064 5.0330 4.8684 4.7122 4.5638
8 7.6517 7.3255 7.0197 6.7327 6.4632 6.2098 5.9713 5.7466 5.5348 5.3349 5.1461 4.9676
9 8.5660 8.1622 17.7861 7.4353 7.1078 6.8017 6.5152 6.2469 5.9952 5.7590 5.5370 5.3282
10 9.4713 8.9826 8.5302 8.1109 7.7217 7.3601 7.0236 6.7101 6.4177 6.1446 5.8892 5.6502
15 13.8651 12.8493 11.9379 11.1184 10.3797 9.7122 9.1079 8.5595 8.0607 7.6061 7.1909 6.8109
20 18.0456 16.3514 14.8775 13.5903 12.4622 11.4699 10.5940 9.8181 9.1285 8.5136 7.9633 7.4694
25 22.0232 19.5235 17.4131 15.6221 14.0939 12.7834 11.6536 10.6748 9.8226 9.0770 8.4217 7.8431
30 25.8077  22.3965 19.6004 17.2920 15.3725 13.7648 12.4090 11.2578 10.2737 9.4269 8.6938 8.0552
35 29.4086 24.9986 21.4872 18.6646 16.3742 14.4982 12.9477 11.6546 10.5668 9.6442 8.8552 8.1755
40 32.8347 27.35565 23.1148 19.7928 17.1591 15.0463 13.3317 11.9246 10.7574 9.7791 8.9511 8.2438
45 36.0945 29.4902 24.5187 20.7200 17.7741 15.4558 13.6055 12.1084 10.8812 9.8628 9.0079 8.2825

50 39.1961  31.4236 25.7298 21.4822 18.2559 15.7619 13.8007 12.2335 10.9617 9.9148 9.0417 8.3045

Example: Find the time period (n), in years in the left column and the interest rate (i) in the top row of the table. The intersection for n =20
years,and[=4% givesa presentvaluefactorof13.5903. For anequalannual paymentof $75 per yearfor 20 years, the present value, P,iscalcu-
latedasP=($75)(13.5903)=$1,019.27. Thisistheamount, thatifinvested atthebeginningofyear 1 at 4% interestrate, would service anannual
year-end payment of $75.
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Table 8E—2  Present value of a series of annual payments with escalating rate
|
Example PV factor |—f 1+e\( 1 ﬂ gV:= Rﬁ%sl%%p(l)%lﬁe%rs for series of annual
n=_ 10 PV A

= || 1- I fori ze
i= 4.0% L\i—e)\ (1+1) )J . bayments
o= 3.0% 1 —anngalmteres‘crateexpressedasa
. decimal

PVF= 9.208 PV=A(n) fori #e e = rateofescalation of annual payment

A

A = annual paymentamountthatesca-
latesatrate,e
1i=2.0% 1i=4.0% 1=5.0% i=6.0%

n, e=2.0% e=3.0% e=4.0% |[e=2.0% e=3.0% e=4.0% |e=2.0% e=3.0% e=4.0% [e=2.0% e=3.0% e=4.0%
year
1 1.0000 1.0098 1.0196 |0.9808 0.9904 1.0000 |0.9714 0.9810 0.9905 ]0.9623 0.9717 0.9811
2 2.0000 2.0295 2.0592 |[1.9427 1.9712 2.0000 |1.9151 1.9432 1.9715 |1.8882 1.9159 1.9438
3 3.0000 3.0592 3.1192 |2.8861 2.9427 3.0000 |2.8318 2.8872 29432 |2.7792 2.8334 2.8882
4 4.0000 4.0990 4.2000 |[3.8114 3.9048 4.0000 |3.7223 3.8131 3.9057 |3.6366 3.7249 3.8148
5 5.0000 5.1490 5.3019 [4.7188 4.8576 5.0000 |4.5874 4.7214 4.8589 |4.4616 45912 4.7240
6 6.0000 6.2093 6.4255 |5.6089 5.8013 6.0000 |5.4278 5.6125 5.8031 [5.2555 5.4329 5.6160
7 7.0000 7.2800 7.5711 [6.4818 6.7359 7.0000 |[6.2441 6.4865 6.7384 |6.0195 6.2509 6.4912
8 8.0000 8.3611 8.7391 |7.3379 7.6615 8.0000 |7.0371 7.3439 7.6647 |[6.7546 7.0456 7.3498
9 9.0000 9.4529 9.9301 |8.1775 8.5782 9.0000 |7.8075 8.1850 8.5821 [7.4620 7.8179 8.1923
10 10.0000 10.5554 11.1444 [9.0010 9.4861 10.0000 [ 8.5559 9.0100 9.4909 |8.1427 8.5684 9.0188
11 11.0000 11.6687 12.3826 [ 9.8087 10.3853 11.0000 [9.2828 9.8194 10.3910 | 8.7977 9.2976  9.8298
12 12.0000 12.7929 13.6450 | 10.6009 11.2758 12.0000 | 9.9890 10.6133 11.2825]9.4279 10.0061 10.6255
13 13.0000 13.9281 14.9321 | 11.3778 12.1578 13.0000 | 10.6751 11.3921 12.1655 |10.0344 10.6946 11.4061
14 14.0000 15.0745 16.2445 | 12.1397 13.0313 14.0000 | 11.3415 12.1560 13.0401 |10.6180 11.3637 12.1720
15 15.0000 16.2321 17.5826 | 12.8870 13.8963 15.0000 | 11.9889 12.9054 13.9064 |11.1796 12.0137 12.9235
16 16.0000 17.4010 18.9470 | 13.6200 14.7531 16.0000 | 12.6178 13.6406 14.7644 |11.7200 12.6454 13.6608
17 17.0000 18.5814 20.3381 [14.3388 15.6016 17.0000 | 13.2287 14.3617 15.6143 | 12.2400 13.2592 14.3842
18 18.0000 19.7734 21.7565 | 15.0439 16.4420 18.0000 | 13.8222 15.0691 16.4561 [12.7404 13.8557 15.0939
19 19.0000 20.9770 23.2027 | 15.7353 17.2743 19.0000 | 14.3987 15.7630 17.2898 [13.2219 14.4352 15.7903
20 20.0000 22.1925 24.6773 [16.4135 18.0986 20.0000 | 14.9587 16.4437 18.1156 |13.6852 14.9984 16.4735
21 21.0000 23.4199 26.1808 | 17.0786 18.9149 21.0000 | 15.5027 17.1115 18.9336 [14.1310 15.5456 17.1438
22 22.0000 24.6593 27.7137 |17.7309 19.7235 22.0000 | 16.0312 17.7665 19.7437 [14.5601 16.0773 17.8014
23 23.0000 25.9108 29.2767 |18.3707 20.5242 23.0000 | 16.5446 18.4090 20.5462 |14.9729 16.5940 18.4467
24 24.0000 27.1747 30.8704 |18.9982 21.3172 24.0000 | 17.0434 19.0393 21.3410 | 15.3701 17.0961 19.0798
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Table 8E-2  Present value of a series of annual payments with escalating rate—continued
|
i=2.0% 1=4.0% 1=5.0% 1=6.0%
n, e=2.0% e=3.0% e=4.0% |[e=2.0% e=3.0% e=4.0% |e=2.0% e=3.0% e=4.0% [e=2.0% e=3.0% e=4.0%
year
25 25.0000 28.4509 32.4953 | 19.6136 22.1026 25.0000 | 17.5278 19.6576 22.1282 | 15.7524 17.5839 19.7009
26 26.0000 29.7396 34.1521 | 20.2172 22.8805 26.0000 | 17.9985 20.2642 22.9079 [ 16.1202 18.0579 20.3103
27 27.0000 31.0410 35.8413 | 20.8092 23.6509 27.0000 | 18.4557 20.8591 23.6802 [ 16.4742 18.5186 20.9083
28 28.0000 32.3551 37.5637 | 21.3898 24.4138 28.0000 | 18.8998 21.4428 24.4452 | 16.8148 18.9662 21.4949
29 29.0000 33.6821 39.3199 | 21.9592 25.1695 29.0000 | 19.3312 22.0153 25.2029 | 17.1425 19.4011 22.0705
30 30.0000 35.0222 41.1104 | 22.5177 25.9179 30.0000 | 19.7503 22.5769 25.9533 | 17.4579 19.8237 22.6352
Table 8E-8 Presentvalue (P)factor of a single future payment (F)
FV =1 r(1+e\|( (1+e\n\—| . PV = Presentvalue
0 =10 PV:A( L‘l—_eJ [1_ — 1| forize no = numbel.r of interest periods ofinvestm(?nt
i =6.0% L +i | 1 = annualinterestrateexpressed asadecimal
PV = 0.5584 PV=A(n) fori #e
n Annual interest rate (i), percent
(year)
1% 2% 3% 4% 5% 6% % 8% 9% 10% 11% 12%
1 0.9901 0.9804 0.9709 0.9615 0.9524 0.9434 0.9346 0.9259 0.9174 0.9091 0.9009 0.8929
2 0.9803 0.9612 0.9426 0.9246 0.9070 0.8900 0.8734 0.8573 0.8417 0.8264 0.8116 0.7972
3 0.9706 0.9423 0.9151 0.8890 0.8638 0.8396 0.8163 0.7938 0.7722 0.7513 0.7312 0.7118
4 0.9610 0.9238 0.8885 0.8548 0.8227 0.7921 0.7629 0.7350 0.7084 0.6830 0.6587 0.6355
5 0.9515 0.9057 0.8626 0.8219 0.7835 0.7473 0.7130 0.6806 0.6499 0.6209 0.5935 0.5674
6 0.9420 0.8880 0.8375 0.7903 0.7462 0.7050 0.6663 0.6302 0.5963 0.5645 0.5346 0.5066
7 0.9327 0.8706 0.8131 0.7599 0.7107 0.6651 0.6227 0.5835 0.5470 0.5132 0.4817 0.4523
8 0.9235 0.8535 0.7894 0.7307 0.6768 0.6274 0.5820 0.5403 0.5019 0.4665 0.4339 0.4039
9 0.9143 0.8368 0.7664 0.7026 0.6446 0.5919 0.5439 0.5002 0.4604 0.4241 0.3909 0.3606
10 0.9053 0.8203 0.7441 0.6756 0.6139 0.5584 0.5083 0.4632 0.4224 0.3855 0.3522 0.3220
15 0.8613 0.7430 0.6419 0.5553 0.4810 0.4173 0.3624 0.3152 0.2745 0.2394 0.2090 0.1827
20 0.8195 0.6730 0.5537 0.4564 0.3769 0.3118 0.2584 0.2145 0.1784 0.1486 0.1240 0.1037
25 0.7798 0.6095 0.4776 0.3751 0.2953 0.2330 0.1842 0.1460 0.1160 0.0923 0.0736 0.0588
30 0.7419 0.5521 0.4120 0.3083 0.2314 0.1741 0.1314 0.0994 0.0754 0.0573 0.0437 0.0334
50 0.6080 0.3715 0.2281 0.1407 0.0872 0.0543 0.0339 0.0213 0.0134 0.0085 0.0054 0.0035
60 0.5504 0.3048 0.1697 0.0951 0.0535 0.0303 0.0173 0.0099 0.0057 0.0033 0.0019 0.0011
75 0.4741 0.2265 0.1089 0.0528 0.0258 0.0126 0.0063 0.0031 0.0016 0.0008 0.0004 0.0002
100 0.3697 0.1380 0.0520 0.0198 0.0076 0.0029 0.0012 0.0005 0.0002 0.0001 0.0000 0.0000
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Example 8E—-1—Life cycle costing example diesel engine vs. electric powering a vertical turbine pump

Scenario:

Afarmerhastheoptiontoinstall either electric power or diesel power for a deep-well vertical turbine pump
(VTP) forirrigating row crops. Costs for the belowground components (well, pump and pump shaft) are
identicalfor each option and are notincluded in the costcomparison. Use a standard inventory electric motor
sizetooperatethepumpat 1,800rpm. The water-cooled engine will be cooled by pumped irrigation water,
rather than a fan and radiator. The right-angle gear drive will be rebuilt after one service life and replaced at
the end ofthe servicelife for the rebuilt unit.

Given:

Flow rate (Q) 900 gpm

Total dynamic head (TDH) 180feet*

Pump efficiency 75%

Annual operating hours 2,200 hrs

Irrigated area 160 acres

Inflation rate 4%

Interestrate for alternative investment 6%

Electric power rate $0.085perkWh

Dieselfuel cost $2.95 per gallon

Drive efficiency for electric motor 100%

Drive efficiency for diesel (drive line /w 90° gear drive) 95%

Elevation, above mean sea level 2,000feet

Maximum ambient operating temperature 105°F

Distance from electric power source to pump 5,280 feet

Equipment Cost, Servicelife Rebuild cost  Annual Salvage value (% of
$/unit (% of new maintenance new cost)

cost) cost

NEMA Premium efficiency vertical 100.00/hp 20 50 1% (of new) 10%

hollow-shaftmotor (OPD) (Motor

drive efficiency = 100%)

Power transmission line (3 phase) 15.00/ft 60 66.67%

Note: The transmission cable for electricity has along service life (nearly infinite), but power poles have a shorterlife (30
to 90yearsormore). Using the extremely long service life of the transmission cable would require alarge value for theleast
common multiple service life, making the analysis very cumbersome. The analysis can be simplified by setting the service
life of the power line to the life of the poles and setting the salvage value equal to the cost of power line minus the cost of
polereplacement. Iftheinstalled costs are $10 per foot for the conducting cable, and $600 each for poles, and the pole
spacing of 125 feet, the costis nearly two-thirds for cable and one-third for poles, so a 67% salvage value canbe used to
reflect the reuse of the power cable when the poles arereplaced.

Electrical control panel 1,500.00 ea 30 0
Diesel engine (rated continuous $110.00/hp 15 60% 15% (of 10%
operation, properly maintained and annual fuel)
adjusted)
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Example 8E—1—Life cycle costing example diesel engine vs. electric powering a vertical turbine pump—
continued

Right-angle gearhead with drive-line  4,500.00 ea 10 50% 100 10%

Fueltank, 1,000gal. (new) 6,000.00 ea 30 10%

Find:

Determine the more economical choice between diesel and electric power using life cycle cost analysis.
Determinetherequiredelectric motor size and annual costs associated with the operation ofthe electric
motor. Use engine horsepower factors to size the diesel engine (for determining cost of diesel engine). Use
pump input horsepower and NPPC fuel consumption factors to calculate diesel fuel consumption. Determine
annual fuel cost.

Solution:

Step I: Calculate component lives for calculating least cost multiple of service lives: electric motor, 20 years.;
three-phase power line, 60 years.; electrical panel, 30 years.; diesel engine, 15 years.; right-angle gearhead, 10
years; diesel fuel tank, 30 years.

Excel spreadsheet, least common multiple function = LCM (numberl, number2, number3...)
=L.CM(20,60,30,15,10,30) =60

Since the LCM service life is 60, the LCCA analysis will require the following schedule for replacement and

salvage:

Schedule for electric motor Schedule for diesel engine

Replace motor every 20 years, beginning at year 20.
Donotreplace at end of year 60.

Replace diesel engine every 15 years, beginning at
year 15. Donotreplace atend of year 60.

Salvage motor every 20 years, beginning at year 20,
includingatendofyear 60.

Salvage diesel engine every 15 years, beginning at year
15,includingatendofyear60.

Replace electrical panel every 30 years, beginning at
year 30. Donot replace atend of year 60.

Rebuild gearhead every 20 years, beginning at year 10.

Donotrebuild atend of year 60.

Salvage electrical panel every 30 years, beginning at
year 30,includingatendofyear60.

Replace gearhead every 20 years, beginning at year 20.

Donotreplace at end of year 60.

Salvage power line every 60 years, beginning at year
60.

Salvage gearhead every 20 years, beginning at year 20,
includingatendofyear60.

Replace fuel tank every 30 years, beginning at year 30.
Donotreplace at end of year 60.

Salvage fuel tank every 30 years, beginning at year 30,
includingatendofyear60.

(210-VI-NEH, Amend. 78, January 2016)
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Example 8E-1—Life cycle costing example diesel engine vs. electric powering a vertical turbine pump—
continued

Step 2:
Calculate brake horsepower (eq. 8-11).

Electric motor bhp = (900 gal/min x 180t)/(3,960x0.75x 1.0)=54.5hp
Diesel motor bhp=(900 gal/min x 180 ft)/(3,960 % 0.75x% .95)=57.4hp
Nextdetermine theinputhorse power (eq. 8—12)

Electric motor
Select a standard motor size larger than required bhp — 60hp
Checkagainstfigure 8-89tomakesurethereisnoreductionforoperatingatlessthan 100%load
Percent of fullload 54.5/60=91%, noloss of efficiency —OK
Determine motor efficiency from table 8C—2 (four-pole 60-hp motor) — 95%

. 545
ihp="g 95

= 57.4hp

Diesel motor
Determine engine derating
Elevation:3%per1,000feetofelevationabovesealevel
2%3%=6%
Temperature: 1% per 10°Friseof ambient airtemperature above 60°F=(105-60)/10=4.5
useb5%

Accessories (alternator, air cleaner, heatexchanger,etc.) =5%
Fanandradiator (zeroifpumped waterisused forcoolingratherthanradiator)=0%
Engine wear factor: to allow for horsepower loss due to wear over the life of the engine = 10%
De-ratingforcontinuous duty (zeroifengine rated for continuous duty) =0%
Totalde-rating=6+5+5+10=31%

. 57.4

hp= (1 0.31)

= 83.2hp

Step 3:
Calculate annual fuel costs for both options.

Electric motor
Electric power consumption kWh = (ihp)x (0.746 kW/hp)x (h/yr)
=57.4%.746x 2,200
=$8,007
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Example 8E—1—Life cycle costing example diesel engine vs. electric powering a vertical turbine pump—
continued

Annualfuel costs=kWhx$/kWh
=94,205%.085
=$8,007

Diesel

Fromtable8-9,readhp-hpergallonofdiesel=16.66hp-h

*NPPCenergy usefactorsarebasedoninput powertothe pump (driveloss and derating already
considered). Therefore useinput power to pump for estimating the diesel fuel cost.

Fuel consumption = gal/yr
_ (hp)
hp-h/gal x h/yr
574
"~ 16.66 x 2,200
=17,580 gal

Annualfuel costs= ( gal/yr) x ($/ gal)
=7,580x2.95
=$22,361
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Example 8E—1—Life cycle costing example diesel engine vs. electric powering a vertical turbine pump—
continued

Step 4:
Calculate capital costs:
Electric Diesel

Motor costs $6,000 Engine cost (83hp x $110/hp) $9,130

(60hp *x $100/hp)

Annual maintenance $60 Annual maintenance (15% of annual fuel bill $3,354

(1% of new cost) $22361x.15)

Salvage value $600 Salvagevalue (10%ofnewat15yr) $1,370

(10% of new at 20 yr)

Electric panel $1,500 Fuel tank $6,000

Power line $79,200 Salvage value (%10 of new at 30yrs) $600

(5,280feet x $15/ft)
Gear head $4,500
Rebuild (50% of new) $2,250
Salvage (10% of new) $450
Gear head maintenance ($/yr) $100

Summary first year capital investment
Electric Diesel

Motor $6,000 Engine $9130

Maintenance $60 Maintenance $3,354

Electric panel $1,500 Fuel $22,361

Power line $79,200 Fuel tank $6,000

Electricity $8,007 Gear head $4,500
Gear head maintenance $100

Total $94,767 Total $45,445
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Example 8E—1—Life cycle costing example diesel engine vs. electric powering a vertical turbine pump—
continued

Step 5:

Determinethepresentvalueforthedifferentitems. Thepresentvaluefactorscanbeobtainedfromtable 8D—3

bytakingtheinterestrate=$6.0%andtheinflationrate=4.0%thensubtractingthetwotocomeupwitha

discount interest rate,1=2.0%

Electric motor, years of new 1:4% Present Diesel engine years of new 1% Present
motors and salvage events: factors value motor and salvage events: factors value
Yearn=0;new (P/Fni) = 1.00000 |$6,000 Yearn=0;new (P/F,n,i)= 1.00000 |[$9,130
Yearn=20;salvage (P/Fn,i)= —0.67297 |($404) Yearn=15;salvage (P/F,n,) —0.74301 (($1,018)
Yearn=20;new (P/F,n,i)= 0.67297 |$4,038 Yearn=15;new (P/F,n,i)= 0.74301 |$6,784
Yearn=40;salvage (P/F,n,i) = —0.45289 |($272) Yearn=30;salvage (P/F,n,i) —0.55207 [($756)
Yearn=40;new (P/F,n,i)= 0.45289 |$2,717 Yearn=30;new (P/F,n,i)= 0.55207 | $5,040
Yearn=60;salvage (P/Fn,i)= —0.30478 |($183) Yearn=45;salvage (P/F,n,i) —0.41020 |($562)
Yearn=45;new (P/F,n,i)= 0.41020 |$3,745
Yearn=60;new (P/F,n,i)= -0.30478 |($418)
Annual power costs ($8007) Diesel fuel ($22,361)
($8007/yr) x (P/A, 60, 0.02) 34.7609 [$278,331 ($22361/yr) x (P/A ,n i) 34.7609 |$777,288
Annual maintenance 1% of Annual maintenance 15% of
new annual fuel)
($60/yr) x (P/A,60,0.02) 34.7609 [$2,086 ($3354/yr) x (P/A,n i) 34.7609 |$116,593
Electric panel: Fueltank:
Yearn=0; New (P/F,n,i) 1.0000 $1,500 Yearn=0 (P/F,n,1) 1.0000 $6,000
Yearn=30; New (P/F,n,i) 0.5521 $828 Yearn=30salvage (P/F,n,i) -0.55207 |($331)
Powerline 32(5,280 ft) Yearn=30new (P/F,n,1i) 0.55207 |$3312
Yearn=0; new (P/F,n, 1) 1.0000 $79,200 Yearn=60salvage (P/F,n,1) -0.30478 |($183)
Year n=60; salvage (P/F, n,i) —0.30478 |[($24,139) Gearhead:
Yearn=0;new (P/F,n,i) = 1.00000 |$4,500
Yearn=10;rebuild (P/F,n,i) 0.82035 |$1,846
Yearn=20;salvage (P/F,n,i) —0.67297 [($303)
Yearn=20;new (P/F,n,i) 0.67297 |$3,028
Yearn=30;rebuild (P/F,n,i) 0.55207 [$1,242
Yearn=40;salvage (P/F,n,i) —0.45289 |[($204)
Yearn=40;new (P/F,n,i)= 0.45289 |$2,038
Yearn=>50;rebuild (P/F,n,i) 0.37153 |$836
Yearn=60;salvage (P/F,n,i) —0.30478 [($137)
Gearhead maintenance
(annual oil change):
($100peryr.) x (P/A, 60, .02) 34.7609 |$3,476
Present value electric motor $349,702 Present value diesel engine $940,946
option option
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Conclusion:

The decision between electric power and diesel power for a pump may be based more oninitial capital outlay
ratherthantheoptionwith thelowest presentvalue.Inthecaseoftheelectricpump, the powertransmission
linemayrequirealargecapital expenditureatthebeginningofyearone.Ifthetransmissionlineislong,the
initial expenditure forthe powerline may create muchlargerinitial outlay of cash than the owneriswilling to
spend (especially with debtincurred for the otheritems). It may be beneficial to evaluate the annual costs over
ashorter time period (5 or 10 years) to formulate a decision.

Notes:

8E-

Engine derating differs among manufacturers and even among models from the same manufacturer. Consult
manufacturer for specific derating factors.

Component costs, life spans, and maintenance shown are for example only and should not be used as abasis
for actual cost estimates.

Thisexamplecomparesonly thecomponentsthatarenotcommontobothinstallations (acompleteirrigation
economic evaluation should include costs for well or sump, pipes valves, etc.).

A thorough evaluation may require the evaluation of additional components.

Utility companies may assess standby power availability fees and time of usefeesin addition tothe power
usage. Thesefeesarenotconsideredinthisexample.

Fractional horsepower motors under partial load may experience significant efficiency reduction.

Motors greaterthan 1 hp may experience significant efficiency reduction atloadlevelsbelow 50 percent of
rated horsepower.

(210-VI-NEH, Amend. 78, January 2016)



Appendix F

Local Losses

cornered headwall

Table 8F—-1 Locallosses
I
‘ Pipe Size — 2" 3" 4" 5" 6" 7 8" 10" 12" +
Elbows
‘:[I[ Bend, 45 deg. std. steel o N N ] ] ]
or plastic u.29 0.26 0.23 0.23 0.21 0.2 0.2 0.19 0.18
Bend, 45 deg. long
. 0.19 0.19 0.18 0.18 0.18 0.17 0.17 0.17 0.16
radius
Bend, 90 deg. std. steel 0.38
or plastic . 0.34 0.31 0.3 0.28 0.27 0.26 0.25 0.24
Bend, 90 deg. long
. 0.27 0.25 0.22 0.2 0.18 0.17 0.15 0.14 0.13
radius
Bend, 90 deg. miter 0.8 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.5
Entrance, bell mouth 0.04
;\l headwall . 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
g Entrance, rounded 0.23
K headwall . 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
g Entrance, sharp
7——— 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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Table 8F—1 Local losses—continued
—

Entrance, sharp 0.78 0.78 078 | 078 | 0.78 078 | 078 | 078 | 0.78

/f—_— projecting

Exit

___/)/ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
—
= Exit all

Tees 06 0.6 05 | 04 | 03 | 03 | 03 | 03 | 03

Tee, hydrant (off)

Tee, line flow 0.8 0.7 0.6 0.6 0.5 0.5 0.5 0.4 0.4

i Tee, branching 1.6 13 12 11 1 0.9 0.9 0.8 0.8
1,

Valves 2 2 2 2 2 2 2 2 2
Alfalfa valve plate
type)
Alfalfa valve with hood 4 4 4 4 4 4 4 4 4
(estimate)
Valve, angle type 2.3 2.2 21 2 2 2 2 2 2
(open)
Valve, butterfly type
(open) 0.8 0.8 0.8 0.8 0.8 0.7 0.6 05 0.5
Valve, check, foot
valve type 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Valve, check, swing 2 2 2 2 2 2 2 2 2
type
Va"’e(vo‘;)"ecr']‘)a leaf, 0.08 0.08 008 | 008 | 008 | 008 | 008 | 008 | 0.8
i 0,
Valve, C'LCi')zr']eaf' 20% 27 27 27 27 27 27 27 27 27
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Table 8F—1 Local losses—continued
|
Valve, circle leaf, 30% 10 10 10 10 10 10 10 10 10
open
i 0,
Valve, mrglp(aE!rI]eaf, 40% 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4
Valve, circle leaf, 50% 2.3 2.3 2.3 23 23 2.3 23 23 2.3
open
Va'vekogp"’gﬁ)type' 0.21 0.16 013 | 011 | 009 | 0075 | 006 | 005 | 0.05
Valve, gaé‘;etﬁpe' 25% 20 18 16 15 14 135 13 125 12
0,
Valve, gaézetzpe' 50% 3 2.8 26 25 24 | 225 | 23 | 225 | 22
Valve, globe type, 7.8 7 6.3 6 5.8 5.7 56 55 5.4
(open)
Valve, slide gate at 05 05 05 05 05 05 05 05 05
headwall
Valve, sprinkler hydrant 8 8 75 7 6.7 6.7 6.7 6.7 6.7
(open)
Strainer, basket type 1.5 1.25 1.05 0.95 0.85 0.8 0.75 0.67 0.5
Contraction/expansions K Values for expansions and contractions
Value 0f Diarge/Demal 1.2 1.6 2 25 3 4 5 10
45° gradual contraction .03 0.05 0.05 0.05 0.05 0.05 .05 .05
45° gradual expansion .03 0.05 0.06 0.06 0.06 0.07 .07 .07
Sudden contraction
— ‘ — .07 0.26 038 | 042 | 044 | 046 | 048 | 048
— —> Sudden expansion 0.10 0.39 0.58 0.72 0.80 0.89 0.93 0.99
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Appendix G Equations

81 N :(&3@)
&
<

h
whp_(EJED(SG)
3,960

84 rpm, % — /b, _ "\bhp,

- 4 Q B ‘\bhp,
(Q,+Q,)H

| Eff=

8-6 3,960(Bhp atQ, +Bhpat Qa)
Q(H,+H, )
8.7 Eff=
3,960(Bhp atH_+Bhpat Hb)
3-8 TDH=h,+h,-h,
(IHP x Em x 100)
8.9 Percentoverload=
(nameplatehorsepower)

5 120f

8-10 S= n
(2xLxRxI)

. VD=

S-11 1,000
bh whp
8-12 b= (pump efficiency)(drive efficiency)
bhp

_ inputh ,ihp=
8-13 1apUthorsepower, 1p (motorefficiency)
8_14 kw input to motor = 0.746x1ihp

kw-hr 3

815 1000 gallons pumped -

(0.00314)(TDH)

(pump efficiency)(drive efficiency)(rnotor efficiency)
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8-20

8-21

8-22

8-23

8-24

8-25

8-26

8-27

(kw-hr) _
(acre-ft)

(1.024)(TDH)
(pump efficiency)(drive efficiency)(motor efficiency)

B Whp)
OPE_[E (100)

NPSHA=h,, ~h -h,->h_ -h_ -h  -FS

Hourl (i h)c)746 kW) cost)
ourlypowercost=(1p k .
hp Jewn)

Annual power cost=(1hp)(0.746 kW/hp)
(cost/kWh)(hours of operation)

Energy cost per ac-ft= (kWh per ac-ft)(cost per kWh)

Annual energycost=
(total ac-ft for year) (kwh/ac-ft) (cost per kwh)

Annual cost savings = (0.746)(bhp)

1 1)
(cost/kWh)(annual operating h) L - J

Eff,, Eff,

Payback period, years=
(cost of motory, —cost of motor; )

(annual energy cost,, —annual energy costEE)

(P

Presentvalue factor=
A n,i J

||_1—(1+i)_n—||
.

PV:AH i
|'(1-(1+1) / JPV=A[(1/1)(1-1/(1+1)An)]
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pvoCs |r i W
8-28 - *TlLi-h—(rj—“_ )|
P ) n
=,n,; =P(1+1
8-29 (F i (1+1)
(F ) _P
8-30 L i J _
p (1 + ])
[ (1+i)" —||
831 FV:PV||(1+J')“ |
., 1-1
8-32 I'=——-
1+)
, e-1
8-33 e'=——-
1+)
1
834 e=(FV .
\p)
[ n
8 35 pv=C+Al (1)1 (1)) forise
LLi—eJ\ L1+iJ )J
8-36 PV=C+(A)[n/((1+e))]
NPPC rating(%)=
8-37 ( measured pumping plantwhp-hr per unitoffuel\
10
( NPPC whp-hr per unit of fuel J ( 0)
Fuel cost/h=
8-38 (bhp)(fuel consumed, gal/bhp/h)(fuel cost, $/gal)
Total annual fuel cost=
839 (cost per hour)(total hours operated)
1gallonof diesel = (130,000 BTU) ( 1 hp )
8-40 2,545 BTU
=51hp-h
cost per ac-ft pumped =
8-41 0.026877 (TDH) ($/gallon diesel )

(pump efficiency)(drive efficiency)(engine efficiency)
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%of NPPCrating=
8-42 ( NPPC BTU/ft" )(actualhp-hroutput)
LNPPC hp-hroutput J L actual BTU/ft? J (100)
%of NPPCratingofnatural gas=
8-43 (actualhp-hroutput)
(11.25) 10
actual BTU/t® | ( 0}
PV= 7FV
&4 (1)
kWh/hr =
8A-1 3. G(Ig Factor)(No. ofdisk revolutions)(applicable multiplier(s))
(Time in seconds)
Energycost/h=
8A-2 (cost/unit of fuel or energy) (fuel or energy use, units/h)
ihp= (
8A-3 (Energy consumption rate, energy units/h) hp-hr) )
(energy unit)
VxA
8A—4 PRALLY
1,000
A5 kWh/h=kW
- =kVAxPF
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kWh/h
N =kW
8A-6
_VxAxPF
- 1,000
kWh/h
=kW
8A-7 h
_ VxAxPFx1.73
- 1,000
Pressure correction factor =
8A-8 gage (Ib/in?) +atmos. pressure (Ib/in®)
calibration p]fess.(lb/in2 )+atmos. press(lb/ing)
(ft3 used)(meter constant)
8A-9 Fuelconsumptionft®/h= . .
Time (mlnutes)
8A-10 1Mcf=1,000 ft?
8A-11 Energy costper hr= [ $ cost j y [fuel consumed]
unit of fuel hr
.
8A-12 thp="392.93 hp-hr 'hﬂ[Fuel consumption M_Cf]
( Mef hr
ihp= (392,93 (hp-hr )\\ ( (energy content of natural gas BTU/ftS)\
8A-13 ( Mef | L 1,000 BTU/t'
(Fuel consumption, Mcf/hr)
8A—14 1 dekatherm=1,000,000 BTU
one dekatherm _( ,000,000 BTU)
8A-15 Mcf ~ U 1,000 ft*
= 1,000 BTU/ft?
8A-16 Energy cost _ ( $ \‘ [ decatherm) ( Mecf )
hr decathermJ Mef hr of gas usage
8A_17 SOE = ((Potential component Eff )(Potential component Eff ))
B (100)
8A-18 Q(ac-in/h)= Q(gpm)

452.6
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pumping cost ($/h)

8A-19 Pumping cost/ac-in = 8
Qac-in/h
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