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Figure 7-118 Trial system design factors for a cotton field in the
Central Valley of California irrigated by a high-
frequency, pressure compensated SDI system

7-175

Figure 7-119 Final system design factors for a cotton field in the
Central Valley of California irrigated by a high-
frequency, pressure compensated SDI system

7-176

Figure 7-120 Form for evaluation data

Figure 7-121 The downstream end of a large potato field irrigated
using LPS

7-189

Figure 7-122 A 300-foot-long (94 m) LPS lateral and the connection
to the polynet manifold

7-189

Figure 7-123 A 300-foot-long (94 m) LPS lateral installed in 2005

7-190

Figure 7-124 An 80-inch (2.03 m) bed with two 300-foot-long (94 m)
LPS laterals installed in 2005 with two cotton rows per
bed
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Chapter 7

Microirrigation

623.0700 Introduction

Experimental efforts in microirrigation (MI) date back
to the 1860s. However, it was not until mid-1960s after
the development and wide availability of low-cost
plastic pipe and fittings that commercial MI became
feasible.

During the last 40 years, many advances have taken
place in the availability, quality, management, and
performance of MI systems. Recently, the introduction
of pressure compensated nonleak emitters and low-
pressure and low-flow systems has further improved
the performance of MIsystems. These new develop-
mentshavefacilitated the use and diversity of use of
MI in the United States and worldwide. In the United
States, MI has increased from an estimated 500,000
acres (185,000 ha) in the 1980s to more than 2,500,000
acres (1,000,000 ha) in 2002. During this period, sub-
surfacedripirrigation (SDI) hasalsobeendeveloped
from a research tool to a widely used practice on
diverse cropsranging from forage to orchard crops.
Itis estimated that in California alone approximately
250,000 acres (100,000 ha) of crops are irrigated by
SDI systems.

Some advantages of MI include improved water and
nutrient management, potential for yield increases,
improvedcrop quality,and greatercontrolofapplied
water. When adequately managed, MI will provide soil,
water, and nutrient conservation; minimized leaching
of'solublesalts;and areduced applied waterrequire-
ment. Theseoverallresultshavebeenshowntoim-
prove wateruse efficiency and economicreturns.

This chapter of the National Engineering Handbook
(NEH) describes design procedures for MI systems. It
covers logical design procedures for the major types of
MI systems in current use and contains detailed, com-
plete sample designs. The chapter is written for engi-
neers and experienced technicians; however, it should
alsobeofvaluetoothersinterestedinthe design and
application of MI systems.

623.0701 Description

MI is defined as the frequent application of small quan-
tities of water on or below the soil surface as drops,
tiny streams, or miniature spray through emitters
orapplicatorsplacedalongawaterdeliveryline. MI
encompasses a number of methods or concepts such
as bubbler, drip, subsurface drip, mist or spray (USDA
NRCS 2011). Wateris dissipated from a pipe distribu-
tion network under low pressure in a predetermined
pattern. Theoutletdevicethatemits watertothesoil
iscalled an emitter. The shape and designofthe emit-
ter dissipates the operating pressure of the supply
line,and a small volume of wateris discharged atthe
emission point. Water flows from the emission points
intothe plantrootzonethroughthesoilbycapillarity
and gravity.
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623.0702 Types of systems

(@) Drip irrigation

Dripirrigation (DI)isdefined as amethod of MI
wherein waterisapplied at the soil surface asdrops
or small streams through emitters. Discharge rates
aregenerallylessthan 2 gallonsperhour(7.61/h)

for single-outlet emitters and 3 gallons per hour per
3.3feet (11.41/h/m) forline source emitters (ASAE
Standard S526 2007). During the last 40 years, the
interest and uses of DI have increased significantly
asunderstanding of this irrigation/fertigation method
improved. Plastic materials availability, manufacturing
processes, emitter designs, and fertilizer improvement
have also increased the use of DI. Specific installation
equipment, components, and guidelines have further
been developed, resulting in more consistent system
installation and retrieval, improved performance, and
longerlife. Theuseof DIisincreasingrapidlyin areas
where water conservation is important or water quali-
tyis poor and high economic yields are expected. Drip
irrigation performs best when intensive and accurate
management of water and nutrients are used. Figure
7—1showsablueberryfieldirrigated by driphose
suspended on wire. Figure 7-2 shows a grape vineyard
irrigated by drip hoselaid on the soil surface.

Figure 7-1

A pair of laterals with in-line drip emitter
hangingonawireinablueberryfield

(b) Subsurface drip irrigation

SDIisthe application of water below the soil surface
through emitters, with discharge rates generally in
thesamerangeassurfacedrip. Thismethod of water
application is different from and not to be confused
with subirrigation where the root zone is irrigated by
water table control (ASAE Standard S526 2007). The
question often arises of how deep does the tape have
tobeburied to be considered SDI. Some researchers
have even suggested that burial depths as little as 0.8
inch (2 cm) should be considered SDI (Camp 1998);
but, thetypical burial depthisbetween 4 to24inches
(100-600 mm). During the last 20 years, use of SDI has
increased significantly. Required design elements for
SDI include strategically located vacuum relief valves
and flushing manifolds. Specificinstallation equipment
and guidelines have been developed, resulting in more

A grape vineyard irrigated by drip hose laid
on the soil surface

Figure 7-2
|
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consistent system installation, improved performance, Figure 7-3  Permanent SDI hose and manifold used for
and longer life. Subsurface drip irrigation performs s field and vegetable crops

best when the management recommendations em-
ployed include the use of high-frequency irrigation,
accurate and continuous injection of required fertil-
1zers, and real time automation. Figure 7—3 shows an
excavated permanent SDI manifold used for field and
vegetable crops.

(c) Bubbler

Bubblerirrigationistheapplicationof watertoflood
the soil surface using a small stream or fountain. The
discharge rates for point source bubbler emitters are
greater than for drip or subsurface emitters, but gen-
erally less than 1 gallon per minute (3.785 l/min). A
smallbasinisusuallyrequiredtocontainorcontrol
the water (ASAE 2007). Figure 7—4 shows a bubbler
discharging water into a small basin. Similar manifolds
canbe used for tree and vine crops using different
lateral spacings.

d) Jet, mist, and spray systems
( ) pray sy Figure 7-4 Abubbler discharging water into a small

. oL L. —— basin around the tree
Jet, mist, and spray irrigation are the application of

water by a small spray or mist to the soil surface,
where travel through the air becomes instrumental in
the distribution of water (ASAE Standard S526 2007).
These systems are also referred to as micro or mini-
sprinklers. Jet, mist, and spray irrigation operate at
low pressure and apply water at rates higher than drip,
but typically less than 1 gallon per minute (3.785 L/h).
Jet, mist, and spray irrigation systems wet a larger soil
surface area than either drip emitters or tapes. Typi-
cally, jets have no moving parts and, thus, their radius
of dispersing water is limited. Microsprinkler systems,
like jets, operate at relatively low pressure, but include
moving parts which enables them to discharge water
overalargerareathanjets. Figure 7-5showsamicro-
sprinklerirrigating an apple tree in an orchard. Figure
7—6 shows a small spray emitter with no moving parts.
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Figure 7-5 A microsprinkler in an irrigated cherry |

— orchard 623.0703 Factors affecting the
choice and type of a Ml system

Severalfactors affect the selection ofa MI system

type. The grower must analyze economic parameters
such as cost, anticipated profits, return on investment,
andreturnonthewater applied. Evenbefore econom-
ics factors are analyzed, enterprise-specific constant
physicalfactorssuch asclimate, weather, soiltypes,
soil characteristics, and topography should be evaluat-
ed. The grower should also prioritize limiting factors,
operating expenses, and the potential long-term rate of
return. Thelistsbelowidentify some majorfactorsand
limitations that must be considered in these analyses;
someareconstantandsomearevariable.

Constant factors:
* climate and weather

* soil type and characteristics

Figure 7-6 A microspray emitter with no moving part  topography (slope)
*+ environmental quality
Variable factors:
* water prices and availability
+ water quality/salinity
* pumpingcost(energy)
* labor cost and availability
+ system quality and cost
* operation and maintenance
crop type and quality
fertigation/chemigation

education of the irrigator

Interest rates

depreciation rate

Analysis of the constant factors will establish whether
conversion should evenbe considered. However,
becauseoftheinstability of the variablefactors, a
complicated analysis is needed, which requires profes-
sional advice and is beyond the scope of this chapter.
Asanexampleoftheintricaciesoftheanalysiswithin
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a farming enterprise, consider the hypothetical effects
of two factors on the probability of conversion to MI.

Asthe soil permeability increases, gravity irrigation
becomes more difficult toperform, and the potential
for deep percolation below the root zone increases. In
areas where drainage and ground water contamina-
tion are problematic, growers should be encouraged
toconverttomicroirrigation. Figure 7—7showsthe

probability of MI systems being installed as soil perme-

ability increases.

As the slope of the field increases, gravity irrigation
becomes more difficult to perform, and the potential
for deep percolation below the root zone and runoff
increases. Figure 7-8 showstheeffectofincreasing
fieldslope (%) onthe probability ofirrigation system
conversiontomicroirrigation. Thereisalsoahigh
probability of conversion to microirrigation in areas
where runoff, drainage, surface water, and ground
water contamination are a problem.

623.0704 Advantages

MI offers many potential benefits in areas such as
water conservation, plant response, farming opera-
tion, improved crop management, use of waste, saline
and recycled water, adaptation to nontypical irrigation
conditions, automation, minimum tillage, frost protec-
tion, distribution uniformity of water nutrients, and
economics. Although these benefits are not exclusive
to microirrigation as other irrigation systems can pro-
duce similar results, the combination of these benefits
1s unique to microirrigation.

(a) Water conservation

Based on published USDA-ARS lysimetric research
conducted on severalfield cropsinthe California

San Joaquin Valley, DI and SDIresults averaged over
several years have shown that slightly underirrigated
cropscanpotentially conserve asignificantamountof

water, minimizing drainage, and do not decrease yields
(Phene 1995).

Figure 7-7 Effect of soil permeability on probability of
— convirsion toMI (adapted from Greenetal.
1996
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Figure 7-8

Effect of field slope on probability of conver-
siontoMI (adapted from Green etal. 1996)
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Depending on the scale of analyses, soil and water qual-
ity,designand management,and environmental condi-
tions, MI may conserve water. How much water can be
conserved will be site and environment specific.

(b) Farm operational cost savings

MIcanreduce waterlosses and operating costs be-
causethecropusesnearlyallthewaterapplied. Direct
evaporativelossesof waterfrom plant and soil surface
are limited to that portion of the soil surface wetted by
theemitter.Inthecaseofawell-designed and man-
aged SDI system, the soil surface is maintained nearly
dry at all times. Drip irrigation also minimizes weed
growth and theirnonbeneficial use of water, whichin
turn minimizesthe use of herbicides and weed control
tillage (fig. 7-9). When used with SDI, minimum tillage
can be performed without disturbing drip irrigation
laterals. Shallow rototilling of large crop residues and
incorporationintothebed canbe performed while re-
taining the bed integrity. Figure 7-10 is an aerial photo
ofalarge, mature cottonfield showing the difference
in crop uniformity between the SDI-irrigated field (left
hand side of photo) next to afurrow-irrigated field
(middleandright-handsideofphoto). The figureil-

lustrates the uniform soil wetted pattern produced by
ashallowburied DI systeminacottonfield; notethat
much of the soil surface between the cotton rows is
free of weeds and moisture. SDI offers another eco-
nomicadvantage:because waterisappliedbelow the
soil surface, surface-induced infiltration variability is
reduced, and the uniformity of water availability to the
cropisimproved.

Properly designed and managed MI systems do not
produce irrigated-induced surface erosion, runoff, or
deep percolationbelow theroot zone. With M1, field
shape and size becomeless of a consideration, and the
whole available land area can be planted and irrigated.

(c) Improved crop management

Plant growth results from the metabolic process of
photosynthesis, which is highly dependent on the
water status of plants. MI potentially allows precision
plant response to changes in crop water and nutrient
requirements, environmental conditions, and even
market timing. MI allows frequent application of small
volumes of water and precise nutrient concentrations
in the irrigation water in response to plant demand. In

Figure 7-9
|

Soil wetted pattern produced by a drip irri-
gation system in a cotton field (courtesy C.J.
Phene and Netafim, USA)

Figure 7-10 Matured cotton field, showing the difference
in crop uniformity between the SDI-irrigated
field (left-hand side of photo) next to a
furrow-irrigated field (middle and right-hand
side ())f photo) (courtesy C.J. Phene USDA-
ARS
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addition, MI systems will prevent crop-water stress by
allowing continuous application of water even during
cultivationandharvest.

Withrowandvegetablecrops, thefurrowsunder MI
remain relatively dry, thus allowing workers and farm
equipment field access. Fertilizers and approved pesti-
cidescanbeinjectedinthe water and distributed uni-
formly to the crop, thus avoiding exposure of workers
and minimizing labor and farm equipment needed for
their application. Greater control over fertilizer place-
ment, pesticide treatment, and accurate timing of ap-
plication through MI may improve crop performance
and chemical application and loss. Crops grown under
MI will typically have a smaller and denser root system
thathasaccesstoasmall, well-aerated, wetted soil
volume. Toachieve optimum response, crops mustbe
maintained constantly at optimum water and nutri-

ent status. To maximize potential benefits will require
monitoring and automation similar to that used in
greenhouses. Technology is commercially available for
MI feedback, automation, and sensing that continuous-
ly respond to changes in environmental conditions and
plantdemands. However, systems and cropscanbe
adequately managed without a fully automated system.

(d) Use of recycled and wastewater

In several States, agriculture wastewater, as well as
secondary and tertiary treated domestic and industrial
wastewaters (WW), are being used for irrigation of
field crops, landscape, and ground water recharge and
other applications. However, the use of treated WW
forirrigationis subject to major concerns because

of potential nitrate contamination of domestic water
supplies.

The MImethodshavebeen shownto successfully
irrigate crops and minimize nitrogen nonpoint source
agricultural pollution of surface and ground waters
(Phene 1995). SDI systems in particular can improve
safehandlingoftreated WWbecausethesoil surface
isnotwetted and, thus, the potential forairborne
contamination is negligible. In locations where year
round croppingispossible, continuous disposal of WW
canbe carried out without the use of major storage
facilities. However, storage facilities may be required
duringperiodsoflowevapotranspiration or exces-
sive precipitation. In areas where water is scarce and/
or expensive, the use of WW for MI of landscape and

cropscanprovideaviablealternative toconventional
WW effluent disposal.

(e) Use of saline water

Crops have been irrigated with saline water since the
beginning of irrigated agriculture. Under well-drained
conditions, the soil salinity will approach the salinity
oftheirrigation water. The salt tolerance of a cropis
usually appraised according to three criteria:

+ ability of the crop to survive on saline soil
+ yield of the crop on saline soil

* relative yield of the crop on a saline soil as com-
pared toitsyield on a nonsaline soil under simi-
lar growing conditions

Thethirdcriterionisusuallythe mostusedinthe
decision to irrigate with saline water and to estimate
economic crop yield thresholds. Plants are adversely
affected by the total water potential of the soil solu-
tion, which is mostly the sum of the matric and osmot-
ic potentials (both are negative values with minimum
being zero). The advent of Ml has made possible the
use of higher salinity water by using high-frequency
irrigation to maintain a stable and higher soil moisture
profile (matric potential close to zero), which compen-
sate for the higher saltsin the rootzone of the crops.
The use of saline water for irrigation of crops allows
higher quality water tobereserved for domesticuses.

(f) Use of Ml in nontypical
irrigation conditions

Asshowninfigure 7-8, the topography of afieldis
animportantfactorinthechoiceand motivationto
implement a MI system. MI has rendered steep land
manageable for agricultural purposes. More recently,
theintroduction of pressurecompensated (PC) and
nonleak pressure compensated (CNL) emitters has
contributed greatly to the efficiency of drip irrigation
design and its uses on rolling terrain and slopping
land. Thecostlyand energyintensive useoflaser
leveling required for flood and furrow irrigation can
be avoided with PC and CNL drip irrigation systems.
Adetailed topographicsurvey should be performed to
identify the topography and geometry ofthefield for
design and installation purposes. Figure 7-11 shows
a steeply slopping vineyard irrigated by a drip system
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that could not be easily irrigated otherwise without
generating significant runoff.

(g) Use for frost protection

Microsprinklers have been widely used for radiative
and advectivefrost protection ofcitrus, appletrees,
and vines. Mini and microsprinklers are selected to
providefrost protectionby usingtheheatreleasedby
thewater coolingand changing statefromliquidto
solid (ice) and by increasing the soil thermal conduc-
tivity, whichin turn allows anincrease ofthe soil heat
fluxtowardsthesoil surface. Therearethree methods
of frost protection:

* undertree or canopy
+ overhead
* targeted

An additional advantage of overhead frost protection
systems is their ability to provide evaporative cooling
forheatprotection. The principleinvolvestheheat

of vaporization of water (heat absorbed by water to
changeitfrom aliquid state toa vapor state; heat of
vaporizationofwaterequals540cal/g). Thisprocess
relieves the plant surface temperature rather than
cooling the ambient air. Evaporative cooling of plants
can improve fruit quality and may accelerate maturity
by relieving water stress.

Figure 7-11 Grape vineyard on steeply slopping land
s irrigated by using pressure compensated
emitters

(h) Potential improved distribution uni-
formity of water and chemicals

In general, with MI distribution, uniformity of water
andchemicalsisnot affected by soil characteristics
such asinfiltration, salinity, crusting, permeability,

and bulk density. Rather, product and system design,
manufacturer’s variation, installation, management,
and age of system can introduce distribution problems
in time and space. With nonpressure compensating-
emitters, variation in surface elevation can introduce
variationinthedischargerateduetochangeinpres-
sure. Temperature variation due to an exposure and lo-
cation along the lateral can also introduce variation in
emitter discharge rates. One of the advantages of SDI
systems is the minimum exposure of the drip lateral

to temperature variations resulting in a more constant
water temperature inthe laterals.
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623.0705 Disadvantages

The main disadvantages of MI systems are their com-
paratively high cost; proneness to clogging; tendency
tobuilduplocal salinity;and, whentheyareimprop-
erly designed, installed, and managed, low distribution
uniformity.

(@) Cost

MI systems are initially expensive to purchase and
install, but they may pay for themselves within a
shortperiodoftimeifproperly designed, installed,
and managed. Their potential for increasing yield and
conserving water often allow the user torecoverits
initial cost within 1to 3years, depending onthecrop.
For amature orchard, the cost could be recovered in 2
to 3years and perhaps 1to 5 years for anew orchard,
dependingonthetypeoforchard.Ingeneral, MIsys-
tems are expensive because of their requirements for
large quantities of piping and filtration equipment to
clean and distribute the water. System costs can vary
considerably depending onthetypeof systembeing
installed, the crop, terrain, and quantity and quality of
water available. Steep terrain may require the use of
pressure compensated, nonleak emitters and several
pressure regulators in the system. Because of different
spacing requirement, some crops require fewer laterals
thanothers. Thedegree ofautomation may also affect
thecost; but, the convenience, safety, and labor saving
may quickly pay for itself. Although costs are relatively
high, under adequate design and management, these
costs donotreduce profitability.

(b) Clogging

MI emitter outlets typically vary from small to very
small, and they canbecome clogged easily by chemi-
cal precipitation of minerals, nonfiltered particulate

or organic matter, root intrusion, and sometimes the
combination of these things. Clogging can change
emission discharge rates, decrease uniformity of water
distribution, and eventually cause plant water and
nutrient stresses. In some instances, particles are not
adequately removed from the irrigation water before
it enters the pipe network. In others, particles may
forminwaterasitstandsinthelinesorevaporates
from emitter openings between irrigations. Iron oxide,

calcium carbonate, algae, and microbial slimes form in
irrigation systems in certain locations. Chemical treat-
ment, lateral flushing, and proper filtration of water
canusually preventorcorrectthe majority of emitter
clogging.

(c) Lack and/or decrease of uniformity

Most MIemittersoperate atlow pressures, 3to 20 psi
(0.21-1.41kg/cm?).Inthepast,ifafield slopedsteeply,
the emitter discharge during irrigation could have
differed by as much as 50 percent from the volume
intended, and water in the lines may have drained
through lower emitters after the water was shut off.
Some plantsreceived too much water; othersreceived
too little. The introduction of CNL emitters has mostly
eliminated this problem. However, assuming that the
manufacturer’scoefficient of variation (theratioofthe
standard deviationofthedischargeoftheemittersto
the mean discharge of the emitters) is adequate (10%
or less), factors other than manufacturing and design
may affect the emitter uniformity in time and space.
Forinstance, black polyethylene plastics exposed to
sunlightwillcausethedischargerateofexposed emit-
terstovaryduetothermalexpansionandhighwater
temperatures. Water evaporating at the discharge ori-
fice of the exposed emitter alsoincreases salt concen-
tration, precipitation and accumulation of salts, which
intime may reduce the size of the orifice.

(d) Salt accumulation

Saltstend toconcentrate at the soil surface and con-
stitute a potential hazard because light rains can move
them into the root zone (fig. 7-12). When arain of less
than 2inches (50.8 mm) falls after a period of salt ac-
cumulation, irrigation should continue on schedule to
ensurethatsaltsleachbelowtherootzone. Depending
onsoiltexture andamountofaccumulated salt, rainin
excess of 2inches (50.8 mm) will usually be sufficient
to dilute and leach salts. During drip irrigation, salts
alsoconcentrate below the surface at the perimeter of
thesoilvolume wetted by each emitter (fig. 7-12). If
this soil dries between irrigations, reverse movement
of soil-water may carry salt from the perimeterback
toward the emitter. Water movement must always be
away from the emitter to avoid salt damage.
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Figure 7-12  Typical soil moisture pattern under surface drip irrigation, showing salt accumulation at the surface of the soil
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(e) Potential root intrusion

Rootintrusion, which occurs mostly whenplantsare
stressed and roots are seeking moisture and nutrients,
1s mostly a problem specific to SDI systems. Design of
some emitters minimize the problem better than oth-
ers,butusuallythebestwaytopreventrootintrusion
isto seasonall@g inject herbicides in the water (triflura-
lin or Treflan®™ approved for injection for weed con-
trol) or lower the pH of the water by injecting acids.
The use of high-frequency irrigation to maintain an
anaerobic, saturated zone around the emitters can also
help minimize root intrusion. Continuous injection of
low concentration of phosphoric acid (15-25 ppm, mg/
kg) will also minimize root intrusion.

() Root pinching with SDI in orchards

Root pinchingofthe driplateralsis mostly a problem
encountered in SDI systems. It is a more prevalent
problem with certaintree species, such aspistachio
(fig. 7-13), whichhaveaverylargeand aggressiveroot
system.Itisalsoaproblemthatcanbe minimizedby
installing the drip laterals as far from the trunk (opti-

Flow line

mally half waybetween the treerows) and as deep as
possible and installing the drip laterals at planting of
anew orchard. Installing drip laterals in an existing
orchard will cutroots close to the drip laterals and
emitters. Thisusually causesrootstoproduce scar
tissuesand togrowback aggressively, often pinching
off the laterals.

(g) High level of operation/maintenance

Themanagement of MI systems, and drip and SDIin
particular,is moreintensive than that of conventional ir-
rigation systems; however, much of it can be performed
remotely via computer and with local weekly inspec-
tions so that the management cost is often decreased
after the first or second year of operation.

Preventive maintenance of drip irrigation systems and
SDI, in particular is critical to efficient operation and
long life. It is especially critical after installation and
during testing. Alllines (mains, submains, laterals, or
flushing manifolds) should be flushed until all foreign
particles (soil and PVC shavings) are out of the system.
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A goodtest todetermineifflushingisnolonger need-
edconsistsoftakingaclean glassjar,fillingit with
flush water, and looking into the sunlight to ascertain
that particulate matter is not floating or settling in the
jar.Basedonthedistancefromthesystemheadworks,
the acreage covered by the system, and the flushing
velocity, thiscould take up to several hours. Follow-
ing the initial flushing, the frequency of maintenance
flushing during the season will depend greatly on the
water quality, the filtration method and efficacy, and
the chemical maintenance of the water.

Monitoring pH and electric conductivity (ECw) and
using these data to determine required injection of
acid to prevent chemical precipitation is usually nec-
essary when the pH of the wateris above seven and
carbonates and bicarbonates are present in concentra-
tions two to three times the sum of the calcium and
magnesium ions. This is almost always the case in arid
and semiarid climates where the soils are calcareous
andrainfallislimited.InareaswherethepHisonthe
acid side, or where iron and other biological activity

Figure 7-13 Anexampleofarootpinching the SDI

s lateral (cut lateral on the right) in a pista-
chio orchard with the SDI lateral installed 5
feet (1.52 m) from the tree row and 18 to 20
inches (0.46-0.51 m) deep

canbe aproblem, water should be treated with chlo-
rine. Chlorineinjectionis mosteffective atlow pH and
at the end of the irrigation cycle. Chlorine residual
shouldbechecked atthe furthestflushing pointfrom
the headworks and the residual chlorine should be
about 3to 4 parts per million (ppm) (3—4 mg/L) 30
minutes after the end of the irrigation.

(h) Rodents and insects

Rodentsandinsects are known tochew polyethylene
laterals. Rodent damage can be prevented by rodent
controloruseoflarge diameterrigid wall materials for
laterals. Some problems can be prevented by providing
alternative water sourcesfor coyotes, dogs, orother
animals. Insectdamagecanbecontrolled byinjection
of pesticides. With SDI systems, insect problems are
minimized, especially when the laterals are installed
below 12inches depth (0.3 m). Rodents (gophers,
mice, moles) are not amajor problemifthelaterals are
installedat 18to24inchesdepth (0.45-0.60m). Also
ensure that the wetted area from each emitter overlap
sothattheentirelateralisin wetted soil. Gophersor
rodentspreferdiggingindrysoil. Wallthicknessof 35
to55milisrecommended forinstallationof SDIlater-
alsat depthsbelow 12inches (0.3 m).

(i) System malfunctions

One filtration malfunction can result in the plugging

of manyemittersthatthen mustbecleanedorre-
placed. Safety screen filters should always be installed
downstream of the primary filters. A properly de-
signed monitoring and control system will sense these
incidents and quickly turn off the irrigation system,
thus minimizing the emitter damages caused by these
problems.

() Germination of field crops

SDIgerminationoffieldand vegetable cropscanbe
achieved with or without alternate irrigation methods.
Dependingonthesoiltexture and the depth ofthe SDI
,Jlateral, sprinkler, or furrow irrigation can be used to
germinate field and vegetable crops. However, with
most medium- to fine-texture soils, moisture can be
broughtup toor nearthe soil surface by pulsing the
SDI system. Using a sweep implement, a small V-
shaped trench can be opened into the moist soil. The
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seedsortransplantscanthenbeplantedinmoistsoil.
Asthe seedlings emerge and grow, the soil can be used
to bed up the crop.

(k) Disposal of used polyethylene tapes

Disposal of used polyethylene (PE) presents environ-
mental concerns and impacts as well as additional
costs. Mechanical equipment is now available to re-
trieve used PE tapesfromthefields. Tapesare collect-
ed,cleanedup,andrecycledby manufacturers. The
recycled PE can be mixed with new PE or used on its
own, depending on the products being manufactured.

623.0706 Water quality factors
and considerations affecting the
performance of microirrigation
systems

Water quality and its chemistry are directly related to
clogging of MI emitters. When the chemistry of irriga-
tion water is not adequately considered, clogging can
be one of the major problems affecting this method
ofirrigation. Clogging canbecaused by physical,
chemical, and biological contaminants or a combina-
tion of these. Before any solutions to clogging can

be offered, the exact causes for the process must be
determined (Bucksetal.1979). Becausethereare so
many variables involved in clogging of emitters, there
are no foolproof quantitative methods for predicting
theamountandrate of clogging (Gilbert and Ford
1986). However, by analyzing the water quality before
designing and installing a MI system, the potential for
clogging may be estimated, and problems may be mini-
mized. Water quality factors can be divided into three
major categories: physical clogging caused mostly by
suspended solids, chemical clogging resulting from
chemical precipitate, and biological clogging resulting
from algae and bacterial populations.

Table 7-1 summarizes the physical, chemical, and
biological factors that can potentially clog MI systems
(adapted from Bucks and Nakayama 1980). Tentative
water quality criteria were proposed by Bucks and
Nakayama and are presented in table 7-2.

(@) Physical factors

Physical factors summarized in table 7—1, such as sus-
pended inorganic particles, organic materials, and mi-
crobiological debris will cause clogging of MI systems.
Suspended particles may be carried into the irrigation
watersupplyfromopen-watercanalsorwells. These
particles are often introduced into the supply lines
during installation or repair. They must be flushed out
from the supply system before laterals and emitters
areconnected tothe supplyline. Physical factorscan
be controlled with proper filtration and periodic flush-
ing of laterals.
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Table 7-1 Physical, chemical, and biological factors potentially clogging MI systems (adapted from Bucks and Nakayama 1980)

Physical factors (suspended solids) = Chemical factors (precipitates and others)

Biological factors (bacterial growth)

Inorganic particles Calcium and/or magnesium carbonates Filaments

Sand Calcium sulfate

Silt Heavy metals

Clay Hydroxides

Plastic Carbonates

Metal Silicates

Sulfates

Organic particles 0Oil and other lubricants Slimes
(Aquatic organisms)

Zooplankton

Snail

Fish
Organic particles Fertilizers Microbial ochres
(Nonaquatic organisms)

Insect larva Phosphate Iron

Ant Aqueous ammonia Sulfur

Fish Iron, copper, zinc Manganese

Spider Manganese

Table 7-2 Tentative water quality criteria for classifying waters used with MI (adapted from Hanson et al. 1994; Hassan 1998)

—
Type of factor Minor Moderate Severe
Physical

Suspended solids? 50 50—100 >100
Chemical pH 7.0 7.0-8.0 >8.0
Dissolved solids? 500 500-2,000 >2000
Manganese? 0.1 0.1-1.5 >1.5
Total iron? 0.2 0.2-1.5 >1.5
Hydrogen sulfide? 0.2 0.2-2.0 >2.0
Carbonate+bicarbonate? 50.0 50—100 >100
Biological

Bacterial population? 10,000 10,000-50,000 >50,000

a Maximum measured concentration from a representative number of water samples using standard

analytical procedures for analysis in ppm (mg/L)

b Maximum number of bacteria per milliliters can be obtained from a portable field sampler using

standard analytical procedures for analysis
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In addition to settling ponds, filtration, flushing, and
choice of emitter orifice size, a good filtration system
is always needed for microirrigation. The filtration
system’s design characteristics should consider water
quality, velocity in the laterals, and the diameter of the
emitter specific flow path. When no manufacturer’s
filtration recommendations are available, filter for one-
tenth of the diameter of the emitter’s smallest opening.
Filtration willbe addressed in NEH623.0708.

(b) Chemical factors

The important characteristics of irrigation water
affecting its quality can be summarized as total
concentration of soluble salts, the relative propor-
tion of sodium to other cations, concentration of
boron or other toxic elements, and, of particular
importance to MI, the bicarbonate concentration
relative to the calcium plus magnesium concentra-
tion. Calcium and iron precipitates are a potential
problem.Ananalysisofthe watersource willindicate
whether the carbonatetbicarbonate or iron concen-

trationishigh enoughtobeaproblem. Typically, a
carbonatetbicarbonate level higher than 100 parts
per million (ppm) (mg/L) coupled with a pH above 7.5
indicates a potential problem with calcium. Iron levels
higher than 0.2 parts per million (mg/L) indicate poten-
tial iron problem (table 7-2). Frequent water analyses
shouldbe carried out to determine presents of chemi-
calslistedintable 7—1. The water shouldbe acidified
toapHofabout 6.5, asneeded, and the system should
be flushed frequently to prevent formation and accu-
mulation of chemical precipitates.

Plants are adversely affected by the total water poten-
tial of the soil solution, which is mostly the sum of the
matric and osmotic potentials. The advent of MI has
madetheuseofhighersalinity water possibleby us-
ing high-frequency irrigation to maintain a stable and
higher soil moisture (matric potential), which compen-
sate for the higher salts (osmotic potential) in the root
zoneofthecrops. Figure 7-14isadiagram published
in 1953 by the U.S. Salinity Laboratory for classifica-
tionofirrigation watersbasedonelectrical conductiv-
ity (EC) and SAR. This diagram gives a conservative

Figure 7-14 Diagram for the quality classification of irrigation waters
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Salinity hazard

Salinity

C-1, Low Salinity—Water can be used for irrigation with most crops
onmostsoilswithlittlelikelihood thatsoilsalinitywill develop.
Some leaching is required, but this occurs under normal irrigation
practices, except in soils of slow and very slow permeability.
C—-2,Medium salinity—Watercanbe usedif a moderate amount of
leachingoccurs. Plants with moderate salt tolerance canbe grown
inmostcases withoutspecial practicesforsalinity control.

C-3, High Salinity—Water cannot be used on soils with moderately
slow to very slow permeability. Even with adequate permeability,
special management for salinity control may be required, and plants
with good salt tolerance should be selected.

C—4, Very High Salinity—Water is not suitable for irrigation under
ordinary conditions, butmaybeusedoccasionally undervery
special circumstances. The soils must have rapid permeability,
drainage must be adequate, irrigation must be applied in excess to
provide considerable leaching, and very salt-tolerant crops should
beselected.

Sodicity

S—1, Low Sodium—Watercanbeusedforirrigationonalmostall
soilswithlittle danger of the development of harmfullevels of
exchangeable sodium.

S-2, Medium Sodium—Water will present an appreciable sodium
hazard in fine-textured soils, especially under low leaching condi-
tions. Thiswater maybeused oncoarse-textured soils with moder-

ately rapld toveryr %d permeability.
S-3, High Sodium—Water will produce harmful levels of exchange-

able sodium in most soils and requires special soil management,
good drainage, high leaching, and high organic matter additions. S—
4, Very High Sodium—Water is generally unsatisfactory for irriga-
tionpurposesexceptatlowand perhaps medium salinity.
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version of irrigation water quality determined by the
SAR andthe ECofthe water. Dependingonthe water
quality, various amendments may be used to improve
the quality of the water. Twotypes of conventional
water amendments are commonly available: acids or
acid forming materials and calcium salts. For example,
waterwith ahigh SAR canbeimproved by adding
gypsum, ammonium, or potassium thiosulfates, urea
sulfuric acid, and others. With MI, it is important to
knowthatwhenthewaterhashighbicarbonatecon-
tent, acids should be used to prevent precipitation of
calcium bicarbonate.

(c) Biological factors

(1) Algae and slimes
Algaearemicroscopicplantsthatproducetheirown
food throughtheconversionoflight energy and nutri-
ents. Algae arecommonin most surface water sup-
plies. Because most algae need light to grow, growth
inside the system by small algal particles that pass
through thefilter canbe deterred by use of black emit-
ters and black pipe aboveground. In the dark, bacteria
break downthealgal particles, which arethen ex-
pelled through the emitters along with suspended silt
and clay.

Slimeisagenericterm forthe growth oflong filament
microorganisms, primarily bacteria. These microor-
ganisms do not produce their own food and do not
require sunlight for growth. The more common are air-
borne;therefore, opensystemsare mostsusceptible.

The water should be analyzed to determine bacterial
and/oralgaecountsthatare above minorconcern
(table 7-2). Ifthe pH of the wateris above 7.0, then
chlorinate and flush. Chlorination at the end of an
irrigation application is the primary means for control-
ling microbial activity. Residual chlorine should be
measured at the end of the furthest lateral, 30 minutes
afterinjection, andit shouldbenolessthan 2 ppm
(mg/L). See NEH623.0706(f), Chlorination.

(2) TIron bacteria

When ironis presentin water in the soluble ferrous
(Fe**) form, it is oxidized in the presence of oxygen
tothe insoluble ferric (Fe***) form, a reddish-brown
precipitate. Iron bacteria can produce enough slime

toplugemittersifthe water supply has anironcon-
centrationof 0.3 ppm (mg/L) or greater, and the pHis
between 4.0and 8.5. One solutionfor removingironis
toaeratethewaterandallowtheirontoprecipitate.
This will require sufficient aeration and reaction time,
aswell as a settling basin. The second optionistouse
chlorinationtoremovetheiron. Thechlorination sec-
tion contains further information on the procedure.

(d) Combined factors

Often the physical, chemical, and biological conditions
are combined, which makes the treatment even more
complex. Most water quality problems found in irri-
gated agriculture can be managed with good filtration,
selection of emitters with large orifices and turbulent
flow, water acidification, frequent chlorination, and
frequent flushing of the laterals.

(e) Chemical precipitation reactions

Varioustypesofchemicalscanbeinjected into M1
systemstocontrolcalciumandiron precipitatesand
organicdeposits. Acidisthebesttreatmentforbicar-
bonates resulting from calcium and magnesium pre-
cipitation, as shown by equation 7-3. The acid should
bechosen and used at a concentration that will offset
theexcessbicarbonates (table 7-3). Dataintable

7-3 show an example of the amount of acid required
asfunctionsofthebicarbonate concentrationinthe
irrigation water and the type and concentration of the
acid.Anacidconcentrationthat maintainsapH of6
to 7 will control precipitates. The periodic injection of
anacid treatment should reduce the cost of control-
lingbicarbonates. Another waytoreduce thiscostis
toaeratetheirrigationwaterandkeepitinareservoir
until equilibrium is reached and the precipitates have
settled out.

Anychangeinthetotal electrolyte concentration of
the water or the relative concentration of an individual
ion affects the SAR and, ultimately, the salt distribu-
tioninthesoil profile. When calcium (and/or mag-
nesium) is removed from solution by precipitation,
exchange, or absorption by plants, the SAR increases
(Bowman and Nakayama 1986).
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Precipitationreactionscanoccurby: where:
K; = thedissociationconstantof HCO,

Simple chemical precipitations: K, = solubility productof CaCO,

Ca™ , 2CI" _ CaCl p = reprgsents thenegativelogarithmofthe

2 (eq.7-1) various terms
Ca™+S0 — = CaSO ACF = activity coefficient factor for Caand HCO,
4 4 (eq.7-2) (Nakayama 1968)

Complex chemical precipitations are pH- and ionic-
concentration-dependent and, in the following case,
arealsodependentonthepartial pressure of COZ2,the
various equilibrium constants and temperature.

They are much more difficult to solve:
Ca™+2HCO =CaCO (ppt)+H O+CO (gas)
3 3 2 2

(eq.7-3)

Ineach ofthese cases, the Ca*"ion may be replaced
by Mg**ion, orboth reactionscan proceed simultane-
ously.Inanycase, the precipitationof Ca™ and Mg**
willincreasethe SAR and will probably decrease the
soil permeability. Adjusting the pH to 7orless willre-
ducethepotential precipitationof CaCO,.Ifindoubt,
the Langelier Saturation Index (LSI) concept provides
a systematic approach for determining the potential
for CaCO, precipitation by using the pHc obtained
fromthe Ca,HCO,;and TDSofthe waterasshownin
equation 7-4:

pH,=(pK, -pk, )+p(Ca)+p(HCO, )+p(ACF)
(eq.7-4)

Table 7-3 gives an example of the amount of acid
needed toneutralize 90 percentofthebicarbonatesin
lacre-foot (1,233 m?) of water using three concentra-
tions of N-pHURIC (urea buffered sulfuric acid). Urea
buffered sulfuric acidis acommon acid used in Cali-
fornia because at the first two concentrations (N-pH-
URIC 28/27 and N-pHURIC 15/49), it does not require a
special DOT permit,anditprovidessome Nasurea.

(f) Chlorination

Chlorination is the primary means for controlling mi-
crobial activity in irrigation water. The chemistry and
application principles for chlorination are the same
asthoseusedin swimming pools. Productsinclude
gas, solids, and liquid formulation. The chemistry of
allthese compoundswillnotbetreated here. The
effectiveness of chlorination is tested by measuring
the concentration of freeresidual or availablechlo-
rine, which is the excess of active chlorine over the
amount required to kill bacteria. Test kits commonly
used to measure free chlorine in swimming pool can
be used to test for efficacy of the chlorination system.
Donotuseortho-tolidineindicatorscommonly used

Table 7-3 An example of the amount of urea-buffered sulfuric acid required to neutralize various concentrations of bicarbon-

messsssmm  atesinirrigation waters

N-pHURIC* required to neutralize 90% of the

bicarbonates in 1 acre-ft (1,233 m3) of irrigation water

Bicarbonate content N-—pHURIC 28/27 N-pHURIC 15/49
ppm (mg/L)

N-pHURIC 10/55

------------------- gallon-------------------
50 31(117) 176 (61) 14(53)
100 61(231) 32 (121) 28 (106)
200 122 (462) 63 (628) 56(212)
400 244 (924) 126 (477) 112 (424)
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for swimming poolsbecause this type of indicator
only measures total chlorine, and not free residual
chlorine concentration (Gilbert and Ford 1986). Apply
chlorineattheendoftheirrigation when the system
isnotfertigating. Free chlorine residualsof 2 ppm (2
mg/L) at the end of the laterals, 30 minutes after the
end of chlorination, will control mostbiological organ-
isms in the irrigation system. In some cases where
watercontainsalotofbiological materials (chlorine
demand), theinjection of chlorine must beincreased
to 10 ppm by trialand error toobtainthe adequate
residuals of 2 ppm (2 mg/L), after 30 minutes of con-
tact time. Acidifying the water first to pH<7.0 will
increase the efficacy of the chlorination. Chlorine must
beinjected upstream ofthefiltertofilter outinsoluble
ferric hydroxide, which may have precipitated during
the oxidation of the soluble ferrous iron to the ferric
form. Operators using large systems have found that
chlorination with the gaseousformof chlorineisthe
mosteconomicalinthelongrun,butitalsorequires
the greatest amount of safety precautions. Table 7-4
shows various commercial chlorine products, quantity
neededtoprovide 1 pound of chlorine equivalent and
the quantity needed to treat 1 acre-foot of water to
provide 1 ppm (1 mg/L) chlorine concentration.

Sodium hypochlorite shouldbeusedtotreathard
ground water supplies. Treatment with calcium hypo-
chlorite causes calcium to precipitate. Deliberately
precipitating the iron and filtering it out before it
enters the pipe network can prevent iron precipitation
at the emitter. A chemical feeder can be set to provide

ameasured amount of chlorine solution to oxidize
theiron and otherorganiccompounds present and to
allow a free chlorine residue, for example 1 ppm (1
mg/L).

Chelating the iron with a phosphate-chelating agent at
two to five times the concentration of the iron mol-
ecules should eliminate the problem. If concentrations
areashighas 10 ppm (10mg/L), however, aeration by
a mechanical aerator and settling in a reservoir may
bemorepractical. Mechanicalinjection of airintothe
water supply followed by filtration is another method
of removing iron.

Oxidation and reduction reactions are the usual means
ofcleaningironbacteriafromtrickle systems. Nor-
mally, the system is superchlorinated (rate of at least
10ppm/10mg/L) tooxidizetheorganicmaterialand
clear the irrigation system. Continuous injection of
chlorine, however, isbelieved to be the best method

of combatingironbacteria. Bothalgae and slimecan
becontrolled by chlorination, whichisinexpensive,
efficient, and effective. Typical recommended chlorine
dosages are as follows:

Foralgae,use0.5t0 1.0 ppm (0.5to 1.0 mg/L)
continuously or 20 ppm (20 mg/L) for 20 minutes
in each irrigation cycle.

+ Forironbacteria, use 1 ppm (1 mg/L) more than
the ppm ofiron present (varies depending on the
amount of bacteria to control).

Table 7—4 Commercialchlorine productsand quantitiesneededtotreat 1 acre-ft (1,234 m3) of water and provide 1 ppm (1
s mg/]) chlorine concentration in the irrigation water (without bacterial demand)

Chemicals

Quantityequivalent Quantity to treat
to 1.01b (454 g) 1 acre-ft (1,234 m3)
of Cl, to 1 ppm C12 (1 mg/L Cl,)
Chlorine gas 11b (454 ) 2.71b(1,226¢)
Calcium hypochlorite
65—70% available chlorine 1.51b (681 2) 4.01b(1,8169)
Sodium hypochlorite
15%availablechlorine 0.67gal (2.541) 1.8gal (6.811)
10%availablechlorine 1.0 gal (3.78 1) 2.7al (10.22 1)
5%availablechlorine 2.0gal (7.57L) 5.4 gal (20.44L)
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* For iron precipitation, use 0.64 times the ferrous
ion content.

+ For manganese precipitation, use 1.3 times the
manganese content.

For slime, maintain 1 ppm (1 mg/L) free residual
chlorine at ends of laterals.

Theefficiency of chlorinetreatmentisrelatedtothe
pHofthewatertobetreated: thehhigherthe pH, the
more chlorine required. In treating severe cases of al-
gae and slime, an algae detention/destruction chamber
isused; it usually consists of a large pond or concrete
chamber to retain the chlorine treated irrigation water
longenoughtodestroythealgaeandslime.

Peroxide is another oxidant, similar to hypochlorite
and becoming more common in its use. However, for
treatment of irrigation systems, there are several dif-
ferences. Peroxideis very effective for treatment of
organic matter, complexes organic-mineral sediments,
and doesnotappeartobeharmful toplants, evenin
high concentration.

Common solutions are stabilized 50 percent concen-
tration; however, in many areas, it is restricted by law.
The more common concentration of 30 to 33 percentis
still useful.

Peroxide is very unstable. Tiny quantities of dust or
metalsresiduescanturnabarrel of peroxide tosimple
waterinfew days. All producersadd somestabilizers
tokeeptheperoxideintact. Theamount and effective-
ness of those stabilizers varies. Test sticks are avail-
able to test for concentration of peroxide. For continu-
oustreatments, redox sensorscanalsobeusedonline.
Bothmeasuringmethodscantelltheuserifthereis
peroxidein solution, but not about the electivity of the
oxidation. Thespecificgravity of peroxideishigher
than water, and this can be another measure to verify
the content.

Peroxide requires a catalyst for oxidation: the release
rate of oxygen radical from the peroxide depends on
the availability of this catalyst. Iron or manganese do it
perfectly. In most events, the reaction speed of the per-
oxideis much fasterthanreaction time of hypochlo-
rite. Unlikechlorine, thereleaserate doesnotdepend
onthesubstratecontent(i.e.,organicmatterinthe
driplines) butonthe presence ofthe catalyst. There-
fore, the effectiveness of the oxidation can diminish

quickly downstream stream of the injection point. In-
jection should be done as close as possible to targeted
clogging. When there is a heavy load of organo-mineral
sediment, there mightbeathick driftthatclogsdown-
stream drippers; in this case, precaution is needed. All
manufacturer’s instructions should be followed with
thisdangerous material.
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623.0707 Fertigation

(a) Benefits

Fertigation is the process by which fertilizers are
injected through MI systems to maintain real-time
nutrient concentrations in a limited root zone, meeting
crop requirements in space and time. With MI, little of
thefertilizer spread orbroadcastoverthe soil surface
movesinto the root zone, especially with drip or even
more so with SDI systems. Fertigation provides sever-
al advantages over using conventional surface spread-
ing, broadcasting and banding of fertilizers (Bar-Yosef
1999):

+ Fertigation minimizes the time and space fluctua-
tionsof nutrientconcentrationintheroot zone
resulting in crop yield and quality increases.

*+ Accurate injection of fertilizer amounts to match
specific concentrations required by crops accord-
ingtocropdevelopmentstages, soilcharacteris-
tics,and climaticconditionsispossible.

* Liquid fertilizer solutions containing concen-
trations of required nutrients, including minor
elements that are difficult to apply accurately by
conventional fertilizer application methods, can
beused.

* Crop foliage remains dry, thus minimizing leaf
pathogens and avoiding leaf burn sometimes as-
sociated with foliar fertilizing methods.

The amount of soluble fertilizer amounts applied
tothesoil contribute to minimum leaching below
the root zone and pollution of ground wateris
minimized.

Selective application of fertilizers to a small
portionofthe soil volumeenhancesfertilizer use
efficiency and reduces the leaching potential dur-
ing periods of high precipitation.

Microfertigation reduces the potential for runoff
of fertilizers and pollution of streams and surface
waters.

Microfertigation uses the MI system to distribute
fertilizers and eliminates the use of heavy equip-
ment through the field, thus conserving energy
and reducing agricultural dust.

However, microfertigation advantages are somewhat
offsetbytheneedtoinvestinrelatively expensive
injection and monitoring systems, safety devices, ship-
ping, andstorageoflarge volumesofliquid and diluted
fertilizers.

(b) Factors affecting fertigation

Thefateoffertilizersinjected viafertigationisady-
namicprocess affected by many physical, chemical,
and microbiological variables. Maintaining a balance
ofnutrientsinthesoilshouldbeanimportantman-
agement objective. Among the many factors effecting
the choice of fertilizers for fertigation is the affect on
the pH of the water and soil solution. Irrigation water
with high pHneedstobetreated with acid to avoid
precipitation of Ca and Mg carbonate/bicarbonate and
phosphate and subsequent clogging of discharge chan-
nelsandorifices ofthe emitters. High soil solution pH
also decreases zinc, iron, and phosphorus availability
to plants.

The affect of the soil pH on P-availabilityis alsoa
strong function of the cations present, ranging from
iron, aluminum, and maganese ions at low pH to
calcium and maganese at high pH. In addition to these
reactions, theamount and composition of organic
matter and microorganism activity also interact with
the availability of inorganic phosphorus in soil (Dean
1949). Therefore, high pH fertilizers (ammonia, urea)
are not recommended for fertigation with phosphate
fertilizerssince they willraisethe pHofthewaterand
may cause precipitation of calcium and magnesium
phosphates. In arid and semiarid regions, acids, such
asphosphoricacid (H;PO andnitricacid (HNO,),
arerecommended toreduce the pHoftheirrigation
solutionbecause they donotincreasethe soil salinity.
However,in cases where sulfurisneeded, sulfuricacid
(H,SO,) may be used. Lowering the pH of irrigation
waterbelow four maybe detrimental toplantroots
and could increase the aluminum and magnesium
concentrationsin the soil solution to toxiclevels (Bar-
Yosef 1999). On the other hand, continuous injection
of low concentration of phosphoricacid, H,PO,, has
beenfoundtopreventrootintrusioninSDIsystems
usedtoirrigatefield crops.

The adopted fertilizer program must be considered in
designing and managing a MI system. Some types of
fertilizers are notsuitableforinjection becauseofthe
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volatilization of gaseousammonia, effecton soil and
water pH (fig. 7-15), low water solubility (table 7-5),
separationof the componentsin the mixture, crop
specific requirements, salt index (table 7—6), leach-
inglossesfrom application with excessive water,and
problems with soils and the quality of irrigation water
(fig. 7-10). Therefore, the injection equipment must
be designed with an understanding of the chemical
composition of the fertilizer to be used. Also, the soil
and water must be analyzed to determine whether the
fertilizer compoundsare suitableorthereisaneed

to modify the chemistry of the water beforeinjecting
fertilizers.

The solubility of various fertilizers in water at tem-
peratures of 32 degrees Fahrenheit (0 °C), 68 degrees
Fahrenheit (20 °C) and 122 degrees Fahrenheit (50 °C)
is shown in table 7-5. When dissolving granular fertil-
1zers in water, the diurnal temperature change may
causecrystallization ofthe salt, soitisimportantto
use the minimum night temperature as a reference or
dilute the solution to prevent crystallization at night.
Note that the solubility decreases significantly with de-
creasing temperature so that unused fertilizer left over
from the summer may crystallize in the winter and
blockorbreak connecting pipes andinjectorfittings.

Figure 7-15 Typical nutrient availability in soil as af-
s fected by the soil solution pH (adapted from
Bucknam and Brady 1966)

Nitrogen

Phosphorus

Potassium

Calcium

Magnesium

Sulfur

Iron

Manganese
Boron

Copper and Zinc
Molybdenum

The mobility of nutrients in soilis also a factor to be
considered in the choice of fertilizers to be injected in
the MI system. Spatial distribution of nutrients in the
soil profile will be affected by the source of fertilizer
used, the soil physical characteristics, clay types, the
pH and ECw of the irrigating solution, organic matter
content, and the frequency of fertigation. More details
willbe consideredin the following sections dealing
with specific nutrients.

Temperature and temperature changes affect all
physical, chemical, and biological reactions in the
soil-plant-atmosphere system. Nutrient uptake by
rootscanbeaffected by changesinnutrient solubil-
ity,organic matter decomposition, viscosity ofthe
solution, root membrane change in resistance as a
function of temperature, nutrient release rate (low P
availability in cold soil and lack of P-availability below
the plowzone), and chemical transformationrate (low
N-transformation rate from urea in cold soils). Hence,
knowledgeofsoiland ambienttemperaturesmaybe
valuable in determining the type and injection rates of
nutrients.

Thesaltindex (SI) isa measure of the salt concentra-
tion that fertilizer induces in the soil solution. The SI
ofamaterialisexpressed astheratiooftheincrease
in osmotic pressure of the salt solution produced by a
specificfertilizer to the osmotic pressure of the same
weightofsodium nitrate (NaNO,), whichisbased on
arelativevalueof 100. Wherethesoil salinityisan
important irrigation factor or when crops have a high
crop-specific fertilizer requirement, fertilizers with a
low SIarerecommended;valueslowerthan100are
desired. Table 7—6 shows the effect of variousfertilizer
materialson the SIofthe soil solution (Raderetal.
1943). Forexample, potassium chloride should notbe
used under saline soil conditions.

(c) Plant nutrients and fertilizers

(1) Macronutrients
Nitrogen (N)—Fertigation with nitrogen in microirri-
gation systems requires understanding of*

— the pH-dependent chemical reactions in the
soil and water
— the quality of the irrigation water

— thetypeoffertilizerinjected
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Table 7-5  Solubility of common fertilizers, as affected by temperature (adapted from Bar-Yosef 1999; Lange 1967)

—

Fertilizer Formula Temp = 32 °F Temp=0°C Temp=68°F Temp=20°C Temp=122°F Temp =50 °C
Solubility Solubility Solubility Solubility Solubility Solubility
(Ib/gal) (kg/m?) (Ib/gal) (kg/m3) (Ib/gal) (zg/m?3)

Ammonium NH,C, 2.45 294 3.10 372 4.21 504

chloride

Ammonium NH,NO, 9.87 1,183 16.27 1950 28.71 3,440

nitrate

Monoammonium NH,H,PO, 1.89 227 2.35 282 3.48 417

phosphate

Diammonium (NH,),HPO, 3.58 429 4.80 575 8.85 1,060

phosphate

Ammonium (NH,),SO, 5.89 706 6.34 760 7.09 850

sulfate

Potassium chlo- KCl1 2.34 280 2.90 347 3.59 430

ride

Potassium KNO, 1.11 133 2.64 316 7.18 860

nitrate

Potassium K,SO, 0.58 69 0.92 110 1.42 170

sulfate

Calcium nitrate ~ Ca(NO,), 8.51 1,020 28.46 3,410(25)° 31.38 3,760 (99)

Phosphoric acid H,PO, _— _— 45.74 5,480 (25) —_—— —_

Urea (NH,),CO 6.51 780(5) 9.96 1,193 (25) _— _——

Number between parentheses indicates a different temperature

Table 7-6 Comparative effect of fertilizer materials on
s the soil solution—SI (adapted from Rader et al.
1943; Western Fertilizer Handbook 1975)

Fertilizer Salt index
Sodium nitrate 100.0
Ammonium nitrate 104.7
Ammoniumsulfate 69.0
Diammonium sulfate 29.9
Monoammonium phosphate 34.2
Potassium chloride 116.3
Potassium nitrate 73.6
Potassium sulfate 46.1
Potassium-magnesium sulfate 43.2
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When stepsaretakentoavoidspecificproblemsthat
can result from the soil, water, and fertilizer interac-
tions, most nitrogen fertilizers may be injected with no
sideeffectsinthewaterorirrigationsystem.

Among the more common nitrogen fertilizers applied
directly through microirrigation systems are:

anhydrous ammonia (82—0—0)
*+ aqua-ammonia (24-0-0)
* urea(44-0-0)
* ammonium nitrate (34-0-0)
+ ammonium sulfate (21-0-0)

+ calcium nitrate (15.5-0-0)

Anhydrous ammonia (82—0-0), when used as an agri-
cultural fertilizer, is compressed into a liquid. In the
liquid state, it is stored in specially designed tanks.
Both anhydrous ammonia and aqua ammonia can be
injected into irrigation water, but the fertilizer efficien-
cyislikely tobereduced because of volatilization.

Ammoniainjectionincreasesthe pHofthesolution
andcancause solublecalcium and magnesium to
precipitate as Ca~ and Mg~ carbonates or bicarbonates
inthewater. These precipitates will coat the inside of
pipesandplugemitters. Ahighsoil solution pH will
also reduce the availability of boron, iron, magnesium,
zine, and phosphorus (fig. 7-15).

The calcium and magnesium precipitation problem
canbe managedbyinjecting a water softener ahead of
theammoniagas. Thewatersoftenercomplexesthe
calcium and magnesium and eliminates the problem,
butitaddsconsiderably tothe costoffertilization and
doesnotimprovetheavailability of boron,iron, mag-
nesium, zinc, and phosphorus to the plants.

Urea (44-0-0) is a soluble nitrogen fertilizer. Urea liq-
uidfertilizerhasapH ofabout8,and whenhydrolysis
occurs, itincreases the soil pH even more sothat urea
injection with phosphate fertilizers can be problemat-
ic. Ureaand ammoniumnitratecanbe mixedinwater
to give a fairly concentrated liquid mixture marketed
as 30—0—0. When this mixture is injected into irrigation
water, its individual components behave exactly like
the dry materials dissolved and injected separately.

Mostofthenitrogen saltsand urea dissolvereadilyin
water (table 7-5) although one must keep in mind the
effect of temperature on solubility.

Thenitrogen-containing fertilizers mentioned under
phosphorus fertilization should not be considered
highly soluble because of the interactions involving
phosphorus in water and soil. Ammonium nitrate (34—
0-0) has a very high solubility (16.27 Ib/gal; 1,950 kg/
m3 at 68 °F). Ammonium sulfate (21-0—0) has a solu-
bility of 6.34 pounds pergallon; 760 kilogram per cubic
mile at 68 degrees Fahrenheit. Both are very common
nitrogen fertilizer materials. In the former, about 26
percent by weight of the fertilizer is ammonium nitro-
gen and 8 percent is nitrate nitrogen; in the latter, all
the nitrogen is in the ammonium form. Calcium nitrate
{Ca(NO,)% is the most soluble of all nitrogen fertilizers
(table 7-5).

Both urea and nitrate nitrogen stay in solution in the
soiland move with thesoil water; these materialsare
highly susceptible toleachingifexcessive wateris
applied.

Ammonium nitrogen behaves quite differently. Be-
causelitisapositively chargedion,itentersintocation
exchangereactionsinthesoil. Asmallchangeineither
soluble constituent alters the relative amount of the
ionsinexchangeableform.Intheexchangeableform,
ammonium is immobile. Cation exchange reactions

are very rapid, and ammonium applied in irrigation
water is immobilized almost instantly on contact with
soilandremains on or near the soil surface.

Ammonium applied in water readily converts to ex-
changeable ammonium and simultaneously generates
an equivalent amount of cations in solution. In semiar-
id and arid regions, soils are naturally neutral to alka-
line (pH 7t0 9.2), depending on how much free lime or
calciumcarbonateispresent. Inthese kindsof soils,
any exchangeable ammonium that exits at the soil
surface will likely volatilize. Ammonium is very sensi-
tive to temperature and moisture. Water vaporizes very
rapidly from soil after irrigation, and ammonium is
especially susceptible to gaseous loss during this time.

Phosphorus—In general, plants are inefficient P-users,
but several factors affect the P-avilability. One of these
isthe pH ofthe soil as shownin figure 7-16. The P-
availability in soil is also usually restricted to the top
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Figure 7-16  Relative availability of added phosphorus in soil as affected by soil pH (adapted from Buckman and Brady 1966)
|
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soil (fig. 7-17) and isnot readily available at low soil
temperatures. Hence, frequent P-fertigation is ex-
tremely important to maintain adequate concentration
gradients in space and time and assure optimal plant
growth, quality, and yield. This is particularly true with
SDIbecause of the more concentrated root zone lo-
cated deep below the soil surface around the emitters
(Phene and Phene 1987).

With microirrigation, the useof phosphoricacid
(H,PO ) isoftenrecommended because ofits high
solubility (table 7-5) and its greater mobility in soil
(Rolston et al. 1979; Bar-Yosef 1999; and Ben-Gal and
Dudley 2003). Phosphorus mobility in the plant is
generally high due to the transient nature of many
compounds.

Other phosphorus materials are more difficult to use
and apply by injection. Treble-superphosphate (TSP, 0—
45-0), commonly used, is classified as water soluble,
butonly moderately so. Actual dissolution of TSPin
water is limited because the monocalcium phosphate
of TSP changesto dicalcium phosphate, whichis
insoluble in water. Therefore, treble-superphosphate is
not suitable for injection.

Several kinds of ammonium phosphate are soluble in
water. Ammonium phosphate sulfate (16-20—0), mono-
ammonium phosphate (11-48-0), and diammonium
phosphate (16-46-0) may be suitable for injection
when nitrogen and phosphorus are needed.

Figure 7-17 Typical distribution of organic and inorganic
s phosphoruswithdepthinclayloamsoil
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The quality of the irrigation water must be considered
beforeinjecting phosphorusintoa MIsystem.Ifthe
irrigationwaterhasapHabove 7.5andahighcalcium
or magnesium or bicarbonate content, the injected
phosphorus will precipitate as dicalcium phosphate,
which can plugemittersandrestrictflowinthe pipe-
line network. In this situation, phosphoric acid must
beusedtomeetphosphateneeds. Flushingthesystem
with a solution of either sulfuric or hydrochloric acid
immediately after applying the phosphoric acid pre-
vents clogging.

Organic phosphate compounds, such as glycerophos-
phoricacid,canbeinjected through MIsystems with-
outfearofprecipitationinthesystem. Theorganic
compounds are comparable to ureain terms of their
behavior in soils, but they are relatively expensive
compared with the soluble forms of inorganic phos-
phorus.

Depending on the pH status, phosphorus may be rela-
tivelyimmobilein soil becauseitbecomesinsoluble
almost assoon asitcontacts calciumor magnesiumin
thesoil. Therefore, phosphate applied by MI collects
atthe soil surface or at the point of application andis
unavailable to the crop. Subsequent crops will benefit,
however,because the next plowing will mix the fertil-
izer throughout the plowed layer (fig. 7-17).

Potassium (k)—Potassium is taken up by plantinits
ionicform (K*) and can be easily injected through a M1
system as potassium chloride (KCD), potassium sulfate
(K,S0,), and potassium nitrate (KNO,) (table 7-7). In
terms of detrimental salt load and SI level (table 7-7),
potassiumnitrateisbestand will alsoprovide alow
nitrate nitrogen (NO,_N) concentration at the end of
the season. Thefertilizer movesfreelyintothesoil
and,dependingonthesoil texture, maynotbereadily
leached away. Excessive application and concentra-

uptake and cause deficiency ofother cations.

(2) Secondary plant nutrients
The function of secondary plant nutrient in plants is
metabolic and structural.

Calcium—Calcium (Ca) is usually abundant in soil
exceptundervery acid conditions wherelimingis
required. Hence, calcium fertigation is rarely practiced

nitrateishighlysoluble (table 7-5) and canbe easily
injected through MI systems.
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Magnesium—Magnesium (Mg) is usually abundant
in soil, although, less than calcium, and excessive
magnesium can induce potassium deficiency. Hence,
magnesium fertigation is rarely practiced except for a
few foliar applications.

Sulfur—Sulfur (S)isusually deficientin western soils.
Sulfuric acid (H,S0,) or liquefied gypsum (CaSO,) are
commonlyusedfertigation materialstoprovide Sto
correctsulfur deficiencies. Because sulfuricacidis ex-
tremely corrosive and requires special transportation
permits, fertilizer products formulated by combining
urea and sulfuric acid (N-pHURIC) are recommended
for injection with microirrigation.

(3) Micronutrients

The micronutrients (in alphabetical order)—boron,
chlorine, copper, iron, manganese, molybdenum, and
zinccanbeapplied through MIsystems. However, ap-
plicationrates mustbebased on careful soiland water
analyses and accurate metering injectors because
therangebetween deficiency and toxicityisnarrow
(Western Fertilizer Handbook 1975). Trace elements
applied in excessive quantities can react with salts in
thewaterandbetoxictoplants. Yet,adequateplant
growth andyield cannotbe achievedinthe absence

of micronutrients. Chelated micronutrients are often
used to prolong the stability and availability of mi-
cronutrientsinwater andsoil. If complete detailsfor
injecting trace elements into a MI system have not
beenfield checked,itisbetter to use conventional
application methods, including foliar sprays or me-
chanical application and incorporation into the soil.
Asshowninfigure 7-16, maintaining the pH of the soil
solution between 6 and 7 will maximize the availability
of micronutrients.

(4) Fertilizer/chemical handling safety
Properly formulated fertilizers and chemicals can be
uniformly and safely applied by injection into water
through a properly engineered irrigation and injec-
tion system. In addition to the fertigation process
described, irrigators can also apply herbicides, insec-
ticides, fungicides, nematicides, and other chemicals
through MI system. This process is defined as chemi-
gation. Three types of electro-mechanical devices
mustbe used to provide the necessary safety of the
water supply:

+ backflow prevention devices to prevent flow of
the mixture of water and/or chemicalsintheop-
posite direction of that intended

+ checkvalvesto provide positive closure, which
prohibitstheflow of materialsin the opposite
direction of normal flow when the operation of
theirrigationsystemfailsorisshutdown

+ 1interlockdevicestoensurethattheinjection
system will stop if the irrigation pumping plant
stops and vice versa (for more details, see ASAE
EP409.1 Feb 2003)

— Federal and State laws may regulate the use
of any pesticides in a manner inconsistent
with the labeling. Contact local and State
regulatory officials for specific regulations
and requirements related to fertigation/
chemigation activities.

— Employees performing fertigation/chemiga-
tion functions should be properly trained
and made aware of the safety requirements.
Some States require certified applicator
license.

Table 7-7 Comparisonofsomechemical propertiesof major K-fertilizersources forfertigation (adaptedfrom American Soci-

s ety of Agronomy 1985)

K fertilizer source Chemicalformula % use % K content Solubility Salt index* Detrim. salt load
(Ib/gal) (Ib/Ib/acre/yr)**

Potassium chloride KC1 95 51.6 1.05 116.0 0.48

Potassium sulfate K,S0O, 4 41.9 0.25 46.1 0.54

Potassium nitrate KNO, <1 36.9-38.2 0.51 73.6 0.01

* Sodium nitrate =100

P
** Detrimental salt load is thesumofNa", CT,and 80, _
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Bulk chemicals should be stored separately
in secured facilities and properly labeled.

Storage tanks and fittings must be compat-
ible with the chemical solution and properly
secured and labeled.

Safety showers or ample water supply,
protective clothing, respirators, and related
devices must be nearby and available.

Primary stock dilutions should always be
madebyaddingthechemicalstothe water;
neveraddwatertochemicalsunlessthe
directions specify otherwise.

Backflow prevention, check valves, and
interlock devices should be designed accord-
ing to local requirements and properly used
and maintained.

The injection pump should be electrically
linked with the primary water flow system to
ensure that chemicals are not injected into
thesystemwhenwaterisnotflowing.

Chemical supply containers should be pro-
tected from water flowingback into the
tanks toavoid overflow of the chemical solu-
tion from the storage tanks.

Chemicals should be injected separately, un-
less there is a good reason to do so and with
knowledge that any reactions occurring be-
tweentheinjectedchemicalswillnotharm
the system, particularly the emitters.

623.0708 Components of a Ml
system

The components of a microirrigation system canbe
grouped into the following general categories:

*+ control head
* mainlines, submains, and manifolds
* emitters

* flushing system

Depending on system type, site topography, soil char-
acteristics, crop, water/fertility requirements, water
availability, and water quality, field systems may vary
considerably in physical layout. A typical layout of

a microirrigation system with the general categories
isshowninfigure 7-18. Amore detailedlayout with
listed components is shown in figure 7-19.

The control head—The controlhead delivers water
fromthe sourcetothe mainline. It mustcontrolthe
amount and pressure of water delivered, filter that wa-
tertoalevel that willnot cause operational problems,
andaddfertilizer and chemicals tothe waterinprecise
amounts.

Thecontrolheadtypicallyhasthefollowing major
components:

* pumpingstation
control and monitoring devices
fertilizer and chemical injectors

filtration system

In addition, the control head contains appurtenances
needed to control and monitor flow rate and pressure
of irrigation water.

Mainlines, submains, and manifolds—The mainline,
submains, and manifolds receive irrigation water from
thecontrolhead anddeliverittothelateral and emit-
ters. The proper design of the mains, submains, and
manifolds ensures that pressure loss through these
conduits does not adversely affect operation of the
system. Appurtenances also are found on mains, sub-
mains, and manifolds.
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Figure 7-18 Typical MI system layout (courtesy F.R. Lamm and Kansas State University)
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Figure 7-19 Detailed layout of typical MI system components
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Lateralsandemitters—Irrigation waterisdelivered
tothe plantfrom emitters, which are located on the
lateral. Both can belocated aboveground (e.g.,ona
trellis), on the ground, or below the soil surface.

Flushing system—Proper maintenance of a microir-
rigationsystemrequiresregularflushing. Individual
mains, submains, manifolds, and laterals should be
designed so they can be flushed properly. The con-
trolhead mustbe able to supply water at a velocity
high enough to dislodge and move sediment from the
pipelines.

(@) The control head

(1) Pumping station

The pumping station consistsof the powerunit (in-
ternalcombustion engine or electric motor) and a
centrifugal, deep-well, or submersible pump and ap-
purtenances. In the design and selection of pumping
equipment for a MI system, high efficiency is the prin-
cipal requirement. Some MI systems require a pumping
unittodeliver wateron-demandtothesystematthe
required pressure. Centrifugal pumps are often used
for this purpose. Centrifugal pumps operate over a
widerangeofoperatingconditionsbutarelimited by

the suction lift (theoretically, 33 ft (10 m) at sea level,
but in practice, about 23 ft (7 m)), and they need to be
primed.

Graphical characteristic curves define the operation
ofthese pumpsintermsofthedischarge,thehead,

the size oftheimpeller, and the horsepower. They

are available from the manufacturers and usually
provide head-capacity curves, efficiency curves, horse-
power curves, and net positive suction head required
(NPSHR) curves. Figure 7-20 shows a hypothetical
characteristicpump curvethatcanbe usedto select
and accurately design pumping systems. The pump op-
eratingrangeshouldbeselectedbasedonthenumber
of operating subunits and their flow rate, either indi-
vidually or collectively, the estimated peak crop water
requirements, and the total system head to maintain
the required emitter operating pressure. Figure 7-21
shows a pumping station using a low head centrifugal
pump. Design details are addressed in NEH623.0712,
Sample Designs for Microirrigation. For more informa-
tion on pumps, see NEH Section 15, Chapter 8, Pumps.

(2) Control system

Basic automation—Methods for controlling irrigation
systems should answer two questions: when to irrigate
(timing) and how much to apply (quantity) (Howell et

Figure 7-20 Theoretical pump curve and efficiency vari-
s gbleused fordesign purpose
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al. 1984). These decisions are critical to the manage-
ment of any irrigation system and even more critical
withMIwherethekeyprincipleistomaintainarela-
tivelyasmallsoil volume atnearly constant soil mois-
ture by frequent application of small amounts of water.
Control methods range from manual control valves to
fully automated, computerized feedback control sys-
tems. Methods can be classified in three groups:

sequential operation (manual operator required)

+ partial automation (volumetric valves, time
clock, sequential valve control but no instrumen-
talorfeedbackinputs—somelevelofhuman
intervention needed)

+ full automation computerized control systems
(multiple input and feedback measurements and
variable output controls based on inputs—sys-
tem operates without human intervention)

Philip (1969) stated that to fully understand and be
able to predict irrigation water requirements accu-
rately, the soil-plant-atmosphere continuum (SPAC)
must be considered as a physically integrated dynamic
system in which transport processes occur interactive-
ly. A monitoring and control system based on feedback
measurements of plant and soil components and real
time measurements of meteorological variables as
wellashydraulicsysteminputscan makeiteasierto
maximize water use efficiency and productivity (Phene
etal. 1990). Depending on the enterpriselevel of so-
phistication, the crop type, the irrigation method, and
thepriceandavailability of the water, eitherofthese
control methods maybeused. However, afully auto-
mated system is almost a necessity for high-frequency
irrigation ofone or more waterings perday thatare
sometimes used with microrrigation.

Sequential operation—Parts of the system can be op-
erated manually or sequentially with volumetric con-
trol valves that are interconnected by hydraulic con-
trollines. Aseach valvecloses, the next valve opens.
When the sequencing operation is completed, the
valves must be manually readjusted, and the first valve
must be activated manually to start the cycle again. It
isalsodesirable (essentialinsteep areas) toplanthe
irrigation so that valve activation proceeds from lower
to higher plots.

Partial automation—Volume control is well suited to
microirrigation. Volume can be controlled most simply

with some automation by use of volumetric or me-
chanical time clock valves. Semiautomatic volumetric
control valves can be placed at the head of each sub-
unit, or a single such valve can be used at the control
head along with ordinary valves controlling each
subunit. The volumetric valve requires manual opening
and adjustment, but it closes automatically. The use
of volumetricvalves does not dictate a special operat-
ing sequence. Because the amount of water applied
ismeasured, precise pressure controlisnotrequired
attheinletstovolumetricvalves. Pressure controlis
requiredif mechanicaltimeclock valvesare used.

Fullautomation—Operationcanbefully automated
by using a central controller operated onatimeor
volumebasisorbasedon soil-moistureor plant water
stress sensing or by estimating Et, using a weather
station reference ET , or a National Weather Service
Class A evaporation panandacrop coefficient. In
either case, automation will require a control system
operating either hydraulic or electric valves. The
controller automates the irrigation for an unlimited
number of cycles. The orderin which the valves oper-
ate can be altered from one cycle to the next. Both the
operatingtimeofeachvalveandthe quantity of water
distributedcanbechangedeasily eitheratthecontrol
panel, automatically or by remote computer entries.
Rather than using a fixed-cycle interval for the system,
each irrigation cycle can be started by one or a combi-
nation of sensors. Electronic soil moisture sensorsin
the plant root zone can be used to activate the control-
ler to open and close the valves. Various types of elec-
tronic soil moisture instruments have been used as the
soilmoisture sensor (tensiometers, Boyoucosblocks,
heat dissipation sensors, soil psychrometers, and TDR
probes). Because each valve operates automatically
and is not connected to any other valve, the order of
operationisnotdictatedinadvance. Therefore,the
circuitry must passthrough some typeofcontrol panel
to eliminate the simultaneous opening of more than
the desired number of valves. MI systems automati-
cally controlled by soil moisture are not widely in use
becauseofthe technical problemsassociated with the
uneven distribution of micro-level moisture. A better
approach uses a feedback from the rate of change of
several soil moisture sensors to adjust a crop coef-
ficient rather than the actual soil moisture measure-
ments (Phene et al. 1990). The logic of a system ca-
pable of performing these functions automatically is
showninfigure 7-22,and the typicalcomponentsfor
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a remotely accessible, automated, real-time/feedback
control system are shown in figure 7-19.

The overall control system consists of automated,
real-time Data Acquisition and Control System (DACS)
modules, the monitoring and control software, the
input instrumentation (ET data, soil moisture sensing,
wind speed, water flow and pressures, temperature,
and precipitation) and the three-way output controls
(solenoid valves, filter backwash, and fertilizer injec-
tion). The electronic components ofthe DACS are
shown in figure 7-23.

(8) Fertilizer/chemical injection

After the benefit of accurate water application, con-
trolledinjectionofchemicalsandfertilizersisthe
most important benefit of MI systems. Substances
commonly injected into MI systems include fertilizers,
chlorine, acids and approved fungicides, herbicides,
andpesticides. Thissection describesthe components
usedforfertigationandchemigation. Useofinjec-

tion system for treating irrigation water and fertilizing
crops is described in NEH623.0706.

Precision application of high-quality fertilizers is
especially important and can improve crop response
to essential nutrients while using less fertilizer than
traditional irrigation methods. Microfertigation can
alsoefficiently fertilize cropsthatare covered by plas-
tic mulch.

Injection equipment should be located downstream of
the pump. In some cases, acids should be injected up-
stream of filters, which aid in mixing and can prevent
emitter plugging due to particulate buildup or chemi-
calprecipitation. However,strongacids may corrode
filter componentsunlesstheyare madeofacidresis-
tant materials such as stainless steel (316 or better) or
fiberglass composites and epoxy-coated metals. Severe
pluggingcanoccurtodrip systemsfromunpredict-
able mixing of water, fertilizers, and chemicals that
may form precipitates (see NEH623.0706 for criteria
and recommendations about mixing chemical/fertil-
izers with water). When in doubt, have a water qual-
ity analysis performed to help recognize and address
potentialincompatibilities.

Figure 722 Logicforaremotely accessible and real time/feedback automated control system (courtesy of BCP Electronics)
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Figure 7-23  Schematicofcomponentsforalargeremotely accessible, areal time/feedback automated control system (cour-
s {esy of BCP Electronics)
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Backflush (filter)
Panfill and drain
Valves
Chlorinator
Soil
moisture
sensors
Pressure
transducers

Automated control system panel (courtesy of Jerry Walker)
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When specifying and/or installing injection equipment:

* Comply with all Federal, State, and local regula-
tions.

* Obtain a permit if required, and hire a dealer with
knowledge and competence in the fertigation/
chemigation practices.

+ See NEH623.0707 and for basic recommenda-
tions.

+ Testthe compatibility of the chemical tobe
injected with the irrigation water using a jar
test, whichisasimpletestofprecipitationrisk,
before injecting any chemicals/fertilizers to a MI
system.

Highly concentrated acids and other corrosive chemi-
calsarecommonlyinjectedintoMIsystems. The
componentsoftheinjectionsystem, suchastubing,

gaskets, and fittings, should be made from suitable
materials. While PVC and other commonly used mate-
rials are highly resistant to diluted acids, concentrated
acids can degrade them over time. Chemicals should
beinjected into the center of the water flow in the
mainlineorinamixingchamber,sothatthechemi-
cal will be diluted before it makes contact with the
insidewall ofthe pipe. Tubingand fittings made from
polyvinylidene fluoride plastic (such as KYNAR) will
beresistanttoconcentratedacidsand otherchemicals
usedinirrigation systems. Caution: Neverinjectacid
into aluminum pipe.

There are many types of injectors to choose from (fig.
7-24a—d). Table 7-8 summarizes the features of some
common injection equipment, and table 7-9 gives
chemical and temperature resistance of common ma-
terials used in MI systems.

Table 7-8 Typeofcommonchemicalinjectionequipmentandfeatures

Type of injector Function

Remarks

Pressure differential tank
(fig. 7-24a)

Gravity tank
(fig. 7-24Db)

Venturi (fig. 7-24¢)

Metering pump
(fig. 7-24d and 24e)

A pressure differential generated by a valve or other hy-
draulic restriction forces water into a tank containing the
chemical. The chemical mixes with the incoming water,
exits the tank and reenters the water main downstream of
the restriction

Atanklocated above the canal or water storage dripsthe
chemicalintothewateratapresetrate

Water flowing through a narrowing pipe accelerates and
creates a vacuum which pulls chemical into the water path
(application of the Bernoulli principle)

Many types of metering pumps are available; some require
electrical power and others used water pressure

a. Relatively simple

b. Requires a significant pressure
drop in the mainline

¢. Maynotmixwaterandchemicals
properly unless baffles are installed
inthe tank

d. Doesnotcontrol injectionrates
and the initial concentration is
higherthanthefinal

a. Simple

b. Allows some control over injec-
tion rates

c. Requires a chemical resistant float
valve and metering valve

a. Allows arelatively good control of
the injection

b. A 10-30% drop in pressure drop is
causedbythefrictionintheventuri
c¢. Canuseasmall pumptoreduce
thelossof pressure

a. When maintained properly, allows
accurate and precise control of injec-
tionrates.

b. Some pumps are flow-proportional
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Table 7-9 General chemical and temperature resistance of various types of nonmetallic materials used in filtration systems,
=  pumps, laterals, emitters, and various headworks components

Material Resistance Maximum Permissible Temperature (Water)
Constant Short term
Polyvinyl chloride (PVC. Resistancetomostsolutionsofacids, alkalisand 60°C 60°C
UPVC) salts and organic compounds miscible with water. ~ 140°F 140°F
Not resistant to aromatic and chlorinated hydrocar-
bons
Chlorinated polyvinyl chlo- Can be used similarly to PVC but at increased 90°C 110°C
ride (CPVC) temperatures. 195°F 230°F
Polypropylene (PP) Resistancetowatersolutionsofacids, alkalisand  60°C 80°C
salts as well as to a large number of organic sol- 140°F 175°F
vents.
Unsuitable for concentrated oxidizing acids
Polyvinylidene (PVDF) Resistance to acids, solutions of salts, aliphatic, 90°C 110°C
aromatic and chlorinated hydrocarbons, alcohols 195°F 230°F
and halogens.
Conditionally suitable for ketones, esters, ethers
organic bases and alkaline solutions
Polytetrafluroethylene Resistant to all chemicals 140°C 150°C
(PTFE) 285°F 300°F
Nitrile rubber Goodresistance tooil and gasoline. 90°C 120°C
(Buna-N) Unsuitable for oxidizing agents 195°F 250°F
Butylrubber Goodresistance toozone and weather. 90°C 120°C
ethylene propylend Especially suitable for aggressive chemicals. 195°F 250°F
rubber (EPDM, EPR) Unsuitable for oils and fats
Chloroprene rubber (Neo- Chemical resistance very similar to that of PVCand  80°C 110°C
prene) between that of Nitrile and Butyl rubber 175°F 230°F
Fluorine rubber Thebest chemical resistance to solventsofall 150°C 200°C
(Viton) elastomers 300°F 390°F
- (210-VI-NEH, October 2013)
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Figure 7-24 Chemical injection method
|

(a) Chemical injection method using a pressure differential tank

Chemical
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Directionof
water flow

Directionof
water flow

Directionof
waterflow

(b) Chemical injection method using a gravity-feed tank with a me-
tering float and valve assembly.

Float and
metering valve
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waterflow

(c) Chemical injection method using a venturi with a control valve
assembly
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Control valve \
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(d) Chemical injection method using a metering pump with control
valve assembly

Chemical i

tank
Metering <o
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(e) Chemical injection method using a water-driven metering pump
assembly
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Differential pressure—Differential pressure canbe
used to inject chemicals into the irrigation water.
Figure 7-24a shows a differential pressure injection
system. The chemical tank is under the same pressure
as the mainline. Valves or venturi pipe sections can
beusedtocreateasignificant pressureloss. Pressure
differential injection systems have no moving parts,
require no external power source, and areless expen-
sive than pump injectors. Their main disadvantage
isthatthe chemical solution tobe injected mustbe
containedinatankatthesamepressureasthatinthe
mainline (instead ofinalightweighttankopentothe
atmosphere). Because large, noncorrosive, high-pres-
sure tanks are expensive, small tanks are usually used,
eventhough morelaborisrequired for more frequent
replenishing service.

The gravity tank system—The gravity tank system
(fig. 7-24b)isnormally used in an open water flow
system, such asacanalor ditch (preferably lined). A
tank located above the water structure is equipped
with a float and metering valve assembly that regulates
the discharge of chemicalintothe water at a preset
rate. Since no pressure or powerisrequired,itisa
simple,low labor-intensive method, which canuseless
expensive parts than a pressurized system. However, it
requires a chemical resistant float and metering valve.

Venturisystem—The venturieffect (Bernoulliprin-
ciple)isobtainedbynarrowingtheinlet pipediam-
eter and then gradually expanding it back to the inlet
diameter size; this is usually a carefully designed
molded piece of plastic or metallic pipe. The venturi
throat pressure is lower than the pipeline pressure
becauseofthehighervelocity throughthethroat. Most
ofthe pressureisregainedinthe expansionsection,
however, which makes the venturi tube a very efficient
differential pressure device. Figure 7-24¢ shows the
componentsofaventuritubetypepressuredifferen-
tial injection system.

Pumping with metering pumps—Pumping with
metering pumps (fig. 7-24d and 7-24e) is the most
versatile and accurate method for injecting chemicals
into MI systems. Positive-displacement piston pumps
canbedesigned and calibrated togiveanaccurate
constant or variable injection rate, but they must be
properly and regularly maintained. The pump draws
thefertilizersolutionfromanopentank andinjectsit

by positive displacement into the irrigation line. Water-
driven fertilizer pumps (fig. 7-24e) use the pressurized
waterfromtheirrigationlinetodrivethe pumpby
means of diaphragms or pistons that have a larger sur-
face area than the injection piston. Thus, the pump in-
jects chemicals at a higher pressure than the pressure
ofthewaterthatdrivesit. The smallamountof water
that drives the pump (twoto three times the volume of
fertilizerinjected) is expelled to areservoir.

On engine-driven pumping plants, the fertilizer injector
pump can be driven by a belt-and-pulley arrangement.
On electric installations, the fertilizer pump can be
drivenwith asmallhorsepower electric motor. Both
engine- and electric-driven pumps are usually less ex-
pensive and have fewer moving parts to be maintained
than water-driven pumps. Automatic volumetric shut-
off valves are available for water-driven pumps, and
automatic time controllers are available for electric-
driven pumps. Letting the chemical tank run dry can
stop injection, but this practice may damage the injec-
tor pump unlessitisshutoff. Whenautomationisused
asdescribedinthe control system section (fig. 7-22),
the metering of the fertilizer is programmed for injec-
tionduring the middle of theirrigationcycle toavoid
thelinefilling time oftheirrigation cycle. Injection of
chemicals can also be stopped during filter flushing
operations. Continuous measurements of pH and ECw
are used to ensure adequate system performance and
to control the pump on or off to avoid accidents and
malfunctions.

Suction of chemicals—Suction of chemicals through
theintake side of a pumpisasimpleinjection method,
althoughnotrecommended for MIsystems because of
safety concerns and because corrosive materials may
cause excessive wear on pump parts. Furthermore, it
isdifficulttomonitoraccurately therateofinputas
thechemicallevelinthesupplytanklowers.

Oneoftheprimarybenefitsof microfertigation over
other fertilizer application methods is the accurate
control of application rate. In addition, the effective-
nessofchlorine, acid, and other chemicals depends
greatly on concentration. As a result, it is important
todesign aninjection system that allows good con-
trol over injection rates. Pressure differential tanks,
in particular, are not recommended where accurate
control ofinjection rate isrequired. The specific
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injection method to be selected will depend on the
irrigation system design and materials to be injected.
The operational and design equations for calculating
injection rates, concentrations and tank capacities are
described (Keller and Karmeli 1974).

Injection rate:
FA
q, = XTxH"
Fe T (eq.7-5)
where:

q; =injectionrateofliquidfertilizersolutioninto
the system, gal/h, (L/h)

F, =rateof fertilizing (quantity of nutrient to be ap-
plied) perirrigationcycle, Ib/acre, (kg/ha)

A =irrigatedareaperirrigationcycle,acre, (ha)

T =timeofirrigating percycle (h)

F. =concentration of nutrientin the liquid fertilizer,
1b/gal, (kg/L)

H, =ratiobetweenfertilizingtime andirrigation
time, usuallytakenas0.8toallowtimetoflush
the system

Fertilizer concentration:

H.d, (eq.7-6)

where:

F, =fertilizer concentration, ppm (mg/kg)
K =4.414for Englishunits (100 for metricunits)

d,; =depthofirrigationwaterrequired,in (mm)
Tank capacity:
KFYA
SR (eq.7-7)
where:

C, =tank capacity, gal (L)
K =0.11988 for English units (1.0 for metric units)

Forirrigation systems using a pressure differential or
a venturi injection device, the fertilizer tank should
provide enough capacity for fertilizers tobeinjected in
a complete irrigation.

Fertilizers should beinjected over a period of time,
which allows maintenance of a reasonably uniform
distribution, and they should be injected early enough

duringtheirrigationcycletoallowthe watertoflush
the system free of chemicalsbefore shutting down.

(4) Filtration

The main purpose of filtration is to keep mainlines,
submains, laterals, and emitters clean and working
properly. Maintaining clean emitters is as important to
a MI system as water is to crops. The common sources
of emitter clogging were addressed in NEH623.0706.
Physical, chemical, and biological clogging factors can
and mustbe prevented by properfiltration and water
treatment.

Factors affecting the selection of a filtration sys-
tem—Filtration equipment is a critical component of
MI systems, and good filtration equipment is the heart
of any MI system. Designers should choose the correct
equipmentforthespecificfarm watersource. There
are several types of filter systems available. The choice
ofanadequatefiltration system shouldbebasedon
careful consideration of the following factors:

* athorough analysis of the water supply including
particle size, chemical, and biological concentra-
tions

+ filtration requirements for the specific emitter
used

seasonal or other changes in potential contami-
nants

potential for precipitation of dissolved solidsdue
to chemical reactions.

consultation with a qualified water and irrigation
specialist
the anticipated types and concentrations of

chemical/fertilizerstobe used and their effect on
filter parts

Consistency of the water quality must be considered,

and filtration and treatment must be planned for the
average worst condition. Open water, such as lakes,
ponds, rivers, streams, and canals, can vary widely in
quality and often contains large amounts of organic
matter and silt. Warm weather and light, slow-moving,
orstillwaterwillfavorrapidalgal growth. Openwa-
tersoften require use of a prefilter, such as a settling
basin or vortex separator, followed by a sand filter and
thenascreenfilter.Insomeinstances,chemicalcoagu-
lantsarerequiredtocontrolsiltand chlorine maybe
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needed to control algae and bacteria. Municipal and/
or domestic water comes from various sources, such
as reservoirs and wells, and undergoes various levels
of treatment. Wells usually have good-quality water,
but they can deliver large quantities of sand. The water
may alsobechemically unstable and producechemi-
cal precipitates in the pipes and emitters.

Adequate filtration requires processing all the water
entering the system. The particle size of the contami-
nants that can be tolerated depends on the emitter
construction and should be indicated by the manufac-
turer or known from local experience. Inthe absence
of manufacturerdataorrecommendations,itisrecom-
mended that filtration systems be designed to remove
solidsequaltoorlargerthanatenth ofthe emitter
opening diameter because several particles may
group together and bridge the emitter openings. This
behavior is typical for organic particles having about
the same density as water. Also, inorganic particles
heavier than water, such as fine and very fine sands,
tend to settle out and deposit in the slow-flow section
of pipeneartheendsoflateralsand whenthe system
isturnedoff. Fine sand particles alsotend to settle
inside of laminar flow emitters along the walls where
theflowrateiszero, even during operation. Theclog-
ging results may not be rapid, but it is inevitable. Table
7-10 summarizes some of the most common types of
filter, their functions, major specifications, and their
proper use.

Sand media filters—Sand media filters consist of fine
graveland sand of selected sizesinside acylindrical
tank. As the water passes through the tank, the gravel
andsandfilteroutheavyloadsofveryfinesandsand
organic material. Filters are often constructed so that
they can be backwashed automatically as needed. A
recommended practiceistouse a screenfilter down-
stream from the sand media filter unless the filter has
its own backup screen device to pick up any particles
that might escape during backwashing.

Sand media filters are most effective for organic mate-
rial,becausetheycancollectlarge quantitiesofsuch
contaminants before backwashing is necessary. Also,
if the predominant contaminant is long and narrow,
such assome algae or diatoms, the particle is more
likely to be caught in the multilayered sand bed than
onasingle screen surface.

Factors that affect the characteristics and perfor-
mance of sand media filters are water quality, types
andsize of sand media, flowrate through thefilter,
and allowable pressure drop. Although they are more
expensive than comparable screen filters, sand me-
dia filters can handle larger loads with less frequent
backflushing and a smaller pressure drop. Sand media
filters are recommended when a screen filter would
requirefrequentcleaningorwhenparticlestobere-
moved are smaller than the 200-mesh opening.

Thesand media mostoften usedin MIsystemsare
designated by numbers. Table 7-11 compares the me-
diamostcommonly used.

Theflowrateacrossthemediumisanimportant
consideration in filter selection. Present-day high
ratefiltertechnologyisbased on anominal value of

20 gallons per minute per square foot (14 L/s/m?2) of
bed;thisvaluehasbeenestablishedrelativetoagiven
bed composition and filter use. Ifthe water supplyis
excessively dirty, the flow rate should be reduced to 10
to 15 gallons per minute persquarefoot (6.8-10.2 L/s/
m?). On the other hand, conditions for microirrigation
mightbesuchthatratesofabout30gallonsper minute
persquarefeet(20.4L/s/m?2) maybeallowed. Figure 7—
25 shows the effect of flow rate on the maximum
particle size passing through a typical filter with media
of varioussizes. Fora given quality of water and size

of filter medium, the size of particles passing through
increases with the flow rate.

Selecting the smallest medium possible for a given in-
stallationisacommon practice; however,alarger me-
dium may sometimes be desirable. The larger medium
generally causeslesspressuredropandhasaslower
buildup of particles. In many gravity systems, the pres-
suredropiscritical, and thelarger mediumnotonly
hasalower pressure drop whenclean, but also needs
less frequent flushing for a given allowable increase in
pressure drop. The maximum recommended pressure
drop across asand media filterisabout 10 psi(0.70
kg/cm). The pressure differential trigger should be set
for 5to 7 psiover the clean filter pressure difference.
Backflushing must be frequent enough to hold the
pressure drop within the prescribed design limits. If
backflushing is required more than twice daily, auto-
matic backflushing is recommended. In addition, the
filters should be backflushed a minimum of once per
daytopreventsmall particlesof sand from working
downthroughthesandbedand slowly pluggingupthe
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Table 7-10 Summaryofthemostcommontypesoffilters, theirfunctions,andtheirrecommendeduses

——

Type of filter Applications Function Specifications Remarks

Sandmedia  a. Required for any Fine sand particles within two a. Filtration from 200 a.Cleanedbyback-
openorsurface water  or more closed tanks create a mesh (74 pm) to 600 flushing
sources where large three-dimensional filtering sur- mesh (25 pm) b. Stainless steel
amounts of organic face trapping algae, slimes and b. Tank sizes are typi- epoxy-coated or fiber-
matter are present fine suspended solid particles. callyranging from 12-48 glasstanksare avail-
b. Frequently used with Tanks are back-flushed one at in—diameter (0.30-1.20 able for acid injection
well water atime, while remaining units m) ¢. Several tanks can

continue filtration c. Recommended using  beusedinparallel for
atleast three tanks large flow rates

Screen a.Maybeusedasa a.Fine mesh screen(s) enclosed ~ Available screen mate- a. Cleaned by manual
primary filter for clean  inoneormorepressurizetanks  rials and mesh varies removal or automatic
water sources traps organic and inorganic based on manufacturers flushingwhileusing
b.Canbeasafetyback- particles. andtypesoffilter;com-  rotating water jets
up downstream from b. Filter can be cleaned manually mon sizes: 50-200 mesh ~ b.Canbeeasily
the sand media filter or automatically by various high (30074 pm) clogged by organic con-
c.Canbeusedasa pressure rotating water jets and/ taminants
submain secondary or brushes
field filter

Disk Use for primary filtra- a. Filters through densely a. Commonly available a. Flushing commands
tion similar in applica-  packed thin color-coded poly- disks range in sizes: are sentfromtheelec-

tion to media filters

propylene disks that are grooved
diagonallyonboth sidestoa
specificmicron size (fig. 7-28)

b. The flushing process starts au-
tomatically when given pressure
differentials or time setting are
reached; flush commands from
the controller

18-600 mesh (800-25
um)

b. Multiple filter con-
figuration adjustable to
water quality and capac-
ity demands

tronic controller

b. Flushing is rapid and
water efficient

c. Stacked filter donot
require a lot of space d.
Disksshouldbere-
placed annually unless
not processing a lot of
dirty water

Gravity-flow

a. Used forlow levels
of particulate matter.
b.Usedtodelivera
largevolumeofwater
at low pressure

Water falls on a screen separa-
tor, which traps particulate
matter, which is then washed out
intoa collection tank

Available from 100 to
200 mesh (15074 pm)

a. Cleaned by water
flow and additional
spray nozzles.
b.Booster pumpis
usually necessary after
this filter

Centrifugal
sandsepara-
tor

a.Usedtoremovesand
and other inorganic
particles

b. Used as a prefilter

to help reduce back-
flushing of main filter

Centrifugal action creates a vor-
tex that pushes away particles
heavier than water, removes
wellcasingscale,sand andother
inorganic particles

Removes particles
heavier than water down
to 200 mesh

(74 pm)

b. Works with a 5-71b/
in2(0.35-0.49 kg/cm?)
pressure loss

a. Self-cleaning

b. Low maintenance

c¢. Does not remove
organic matter

d. Is not 100% effective-
usually used as a
prefilter
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Table 7-10  Summary of the most common types of filters, their functions, and their recommended uses—continued

——

Type of filter Applications Function Specifications Remarks

Suction Forprefiltration at Coarse screen traps debris, Availablein 10-30mesh  Cleaned by rotating

screen pump intake in ponds  birds, and fish; preserve foot- (1500-500 pm) inner water jets
orreservoirsorlakes valve pump

Settling basin Prefilter to remove Allowssiltandclayparticlesto  Sizedbasedon peak Cleaned by draining

silt or other inorganic
particles

settle; may also provide aeration
toremove dissolved solids and

1ron in suspension

water budget and par-
ticulates types and load

and removing build up;
outlet must be away
frominlet; mustcon-
trol algae

Table 7-11

s mesh equivalent

Comparison of sand media filter and screen

Sand media designation Mean effect Screen
mgdia size equivalent
microns

#8 crushed granite 1900 100-140

#11 crushed granite 1000 140-180

#16 silica sand 825 150-200

#20 silica sand 550 200-250

#30 silica sand 340 250—

T—

Figure 7-25 Effect of flow rate on the maximum particle

S size passing through a typical free-flow sand
filter with media of various sizes
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bottom of the sand mediafilter. A timer or a pressure
switch that senses the pressure differential across the
medium can activate automatic backflushing.

Backflushing flow rates vary with the size of the medi-
umandtheconstructionofthefilter. Typicalrequired
backflushing flow rates for free-flow filters range
from 10to 15 gallons per minute per square foot (6.8
t010.2L/s/m?) perbed for numbers 30 and 20 media
and between 20 and 25 gallons per minute per square
foot(13.6and 17.0 L/s/m?2) per bed for numbers 16
and 11 media. Care must be taken to ensure sufficient
pressure and time to perform an adequate backflush.
Three- or four-sand media tanks may be required if
backflushing is performed during irrigation. The tanks
thatarenotbeingbackflushed mustbe abletofilter
waterfortheirrigationdemandsaswellastheback-
flushing operation and stay under the maximum flow
rateperunitareaforthefilter. Testingtoensurethe
backflushing duration is adequate should be conduct-
edperiodically. Thebackflush water shouldbeclearat
theend ofthe cycle. Schematics of a sand media tank
in the filtration mode and in the backflushing mode,
respectively, areillustrated in figure 7-26.

Sand media filter-filtration process—Unfiltered water
enters filter tank through a three-stage distributor plate
and reaches the media bed with minimal turbulence.
Contaminants are entrapped as the water flows through
the media bed. Collectors in the underdrain create
uniform collection of the filtered water. During filtra-
tion, head loss across the filter media will increase as
solids accumulate within the media. When the pressure
differential limit set by the hydraulic conditions of the
systemisreached,the mediawillbecleanedoftheac-
cumulated solids by the backflush operation.

Sand media filter-backflushing process—Periodic
backflushingisnecessarytocleansethe mediabed of
accumulated contaminants. During the back-flushing
process, the flow of clean, filtered water from one
ormoretanksinthe systemisreversed throughone
filter at a time via a three-way backflush valve. As the
flowisreversed, the mediabedisfloated viahydraulic
turbulence, and contaminants are flushed out to the
backflush manifold through the backflush port of the
three-way valve. The design of the underdrain system
iscritical toensure uniform floating of the mediabed
during the backflush process and for minimizing the
amount of backflush water required (three is highly
recommended) to rapidly expel the contaminants from

themediabed. Oncethebackflushiscompleted, the
valves return to the filtration mode and the next filter
will backflush. A minimum of two tanks is required
sothatthe system cancontinuetooperate duringthe
backflushing operation.

Backflushing of any type of filter requires a significant
amount of water; provisions mustbe made to dispose
orstoreflushwaters. When a storagereservoirisused
to supply irrigation water, flush water can be returned
to this reservoir to allow particulate matter to settle.
Careshouldbetakentolocatethefilter discharge
outlet as far back from the irrigation water intake as
possible.Incaseswherethereisnoirrigation stor-

age reservoir, a flush water storage reservoir should
be constructed toaccommodate the flush water and
recycle it for irrigation. Figure 7-26¢ shows a small
three-tank stainless steel sand media filter station used
for drip irrigation.

Screenfilters—Inscreenfilters, theholesizeand the
totalamountofopen area determine the efficiency and
operational limits. The basic parts of a screen filter

are the filter screen and basket. The screen is stainless
steel, nylon, or polyester mesh. Moderate amounts
ofalgae tend toblock the screen quickly unless the
screenfilterisspecifically designed toaccommodate
an organic contaminant.

A blow-down filter uses either stainless steel mesh,
which offers relative strength, or nylon mesh arranged
sothat water canbeflushed overthe surface without
disassembling the filter. Nylon mesh has the advantage
offlutteringduringaflushingcycle, sothatthecol-
lected material is broken up and expelled. A backflush-
ingfilter allowsthe flow of water through the screen
tobereversed; thecollected particles aretaken with
the water. Gravity flow filters function by running the
water onto a large mesh screen, letting gravity pull it
through,andthenpickingitupwithapumpandde-
livering it to the distribution points. Some gravity flow
filters have sweeping spray devices under the screen
tolift the contaminants and move themtooneside
and away.

Ascreenfilter shouldbecleaned whenthe pressure
headlossis about 3 to 5 psi (0.21 to 0.35 kg/cm?) or at
afixed time determinedinadvance. The mostcommon
methodsofcleaningare:
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Figure 7-26  Schematic of a sand media filter
|

(a) Filtration mode (b) Backflushing mode

Backflush
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* manual cleaning, i.e., pulling out the filter bas-
ket and cleaning it by washing

* by repeated washing, i.e., washing the filter
basket by backflushing or otherwise washing
(blowing off) the basket without dismantling
the filter

* automatic cleaning, which takes place during
the filter operation continuously, on a time
schedule,or wheneverthe pressurelossacross
the filter reaches a certain level

Regardless of the cleaning method, extreme caution
shouldbetakentopreventdirtfrombypassingthe
filter during cleaning. Backflushing with precleaned
water is recommended. Downstream filters, such as
asmallfilterorhose washer screen ateachlateral con-
nection, provide anadditional factor of safety. Ex-
tremecautioninkeepinglarge dirt particlesoutofthe
system is necessary and is especially important during
accidents such as mainline breaks. A small amount

of sand or organic particles large enough to clog the
emitters could ruin them.

Theheadlossinacleanfilternormallyrangesbetween
2and 5psi(0.14and 0.35kg/cm?), dependingonthe
valving, filter size, percentage of open area in the
screen (sumoftheholes),and discharge. Indesigning
the system, the anticipated head loss between the inlet
andoutlet of the filter just before cleaning should be
taken into consideration. This total head loss ranges
between5and 10psi(0.35and0.70kg/cm?).

Ascreenfilter canhandle awide range of discharges,
butafilterwithahighdischargeinrelationtoits
screen area requires frequent cleaning and may have a
short life. When estimating the appropriate discharge
foragiven screenfilter, consider the quality of water,
filtration area and percentage of open area, desired
volume of water between cleaning cycles, and allow-
able pressure drop in the filter surface.

Typical maximum recommended flow rates for fine
screens are less than 200 gallons per minute per square
foot (136.0 L/s/m2) of screen open area. The wire or
nylon mesh takes up much ofthe screen area. For
example, a standard 200-mesh stainless steel screen
has only 58 percent open area. An equivalent nylon
meshwiththesamesizeopeningshasonly 24 percent
open area. Therefore, ideal flow rates should range
from 40to 100 gallons per minute per square foot (27.2

and 68.0 L/s/m?) of total screen area, dependingon the
percentage ofopen area. Examplesof screen filters
are shown in figures 7-27 through 7-29.

Discfilters—In a disk filter, thin color-coded polypro-
pylene disks are grooved diagonally on both sides to
aspecific micron size. The disks are then stacked and
compressed on aspline. When stacked, the grooves
on top run opposite to the grove below, creating a
filtration element with a statistically significant series
ofvalleysandtrapsforsolid particles (fig. 7-30). The
stack of disksisenclosed in a corrosion and pressure-
resistant housing. Disks are available from 18 mesh
(800 microns) to 600 mesh (25 microns).

During the filtration process, the filtration disks are
tightly compressed togetherby the powerofthe spring
and the differential pressure of the water, thus provid-
ing high filtration efficiency. Filtration occurs while
waterispassing fromtheouterdiametertotheinner
diameteroftheelement. Depending onthe micron
rating of the disks, there are from 18 (in 400 micron
disks) to 32 (in 20 micron disks) stopping pointsin

Figure 7-27  Abasic, manual-flushing,in-line screen filter
s thatcanbeusedasafield secondaryfilter
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Figure 7-28 Alarge-diameter, steel, in-line screen filter Figure 7-29  Abattery of automatic flushing screen filters
|

Figure 7-30 Schematic of the grooves creating a filtration element with a statistically significant series of valleys and traps
s forsolid particles
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each track, thus creating the unique in-depth filtration.
Disk filters are available in various configurations to
accommodate needed filtration and flow requirements.
Threetypesofcommonlyused disk groove patterns
are shown in figures 7-30.

The flushing process starts when a preset pressure
differential or time setting is reached; electronic flush
commands are sent from the controller tothree sepa-
rate components in the filter:

+ Theinlet valve starts its flush mode (entrance
closed, drain opens).

 Theoutletvalvestartsitsflush mode (down-
stream closed, flush water diverter opens).

+ Thefilterstartsitsoperational mode (stackof
discs entersopen mode). Water flows via the
diverter filter screen, through the diverter into
the outlet-flushing valve. It enters the main filter

(whichisopen), wherejets of water flush the
groovesinthe discs asthe discs spin. The water
carries away impurities from the discs toward
theinletvalve. Atthe end ofthe flushing process
(20seconds) the flushcommandiswithdrawn,
the discs are tightened again and the filter re-
turns to the filtration mode. The inlet and outlet
valves return to the filtering mode. Water flows
once again into the filter, carrying with it the
impurities that are collected on the diverter filter
screen during flushing. Figure 7-31 displays fil-
tering and backflush modes for a disk filter. Fig-
ure 7-32 shows a typical disk filter installation.

Gravity-flow filter—Gravity-flow filters are primarily
used to deliver alarge volume of water at low pres-
sure. Theyhavebeenused toremove organicslimes
and some low level of particulate matter. Figure 7-33
schematizes the filtration process; water from the

Figure 7-31

(a) Filtration mode

Water inlet
at—

0 Outlet valve

Schematic of a disk filter shown in filtration and backflush mode

(b) Backflush mode

Water inlet
‘—’

Flush water drain

Outlet valve
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inlet tank falls on a screen, which traps contaminants, gravity-flow filter and water flowing in a typical gravi-
whichthenwashoutintothetrashcollectiontank. ty-flow filter, respectively.

Thefiltered wateriscollectedinthe catch tank and

then flows by gravity to the irrigation system. Depend- Centrifugal sand separator—Centrifugal (vortex)
ing on the pressure requirements of the irrigation sand separators canremove up to 98 percent of the
system, a booster pump may be required downstream sandparticlesthat wouldberemovedbya200-mesh
of this filter. Filters are available from 100 to 200 mesh screen. The vortex separators depend on centrifugal
(152—-74pm). Figures 7-34 and 7—35 show a typical forcetoremove and eject high-density particles from

the water. They cannot remove organic materials.

Figure 7-32  Abattery of three automated disk filters Figure 7-34  Atypical, large capacity gravity-flow filter
| |

Figure 7-33  Schematic of a typical gravity-flow filter Figure 7-35 Water flowing over the screen in a gravity-
— e flow filter

Trash tank |— Inlet tank
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Althoughvortex separatorsdonotremoveallthe
required particles, they are efficient for ejecting large
quantitiesofveryfinesand, suchasawellthatis
bringing up sand. A screen filter downstream to catch
contaminants that may pass through, especially dur-
ing startup and shutdown should always back up the
separator. Figure 7-36 shows a three-unit vortex sand
separator system, totheleftand ahead ofthethree
disk filters.

Figure 7-36 A three-unit vortex sand separator system
s (to the left of disk filters)

Vortexseparatorsdonotoperatewell with varying
flowrates. Thisposesaproblemforirrigationsystems
that have zones of varying flow rates. The operating
range for vortex separatorsisa5to 11 psi(0.35t00.7
kg/cm?) of pressure loss. If the pressure drop is much
less than 5 psi (0.35 kg/cm?), the flow rate is too low,
andtherewillbeinsufficientcentrifugalforcetosettle
out the particles. If the proper flow rate is maintained,
the pressure drop will remain constant.

Suction screen filters—Suction screen filters are used
for prefiltration at pump intake in reservoirs, ponds, or
lakes. They areessentialif pumpingfrom anopenwa-
tersourcetopreventdebrisfromcausing malfunction
offoot valves or damage to pumps. They use arelative
coarsescreen, 10to 39mesh (1500-500 um). They are
cleaned from the inside by constantly rotating inner
water jets or the screen canrotate and be sprayed off
from the outside. The filter and pump intake should
beinstalled 1to 2 feet (0.30—0.60 m) below the water
surface, but not close to the bottom of the reservoir.
Figure 7-37 shows the top section of a suction screen
filter, with its rotating inner cleaning jets exposed and
the top section of arotating suction screen filter, with
its outer cleaning jets spraying debris off.

Settling basin—A settling basin can be an effective,
economical solution to two types of water quality
problems: suspended solid removal and iron removal.

Figure 7-37 Self-cleaningscreen filters
——

Water from pump
tosprayers

Rotating
innerjets

Rotating inner cleaning jets

Outer cleaning jets spraying debris off
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+ Suspended solid removal—Turbid surface waters
high in suspended sand, silt, and clay particles
will require filters to backwash frequently, thus
decreasing their efficacy. A well-designed and
managed settling basin can remove the majority
ofthecontaminantsand serve asan effective
primary filtration unit.

+ Ironremoval—In many underground aquifers,
low water temperatures and high pressures favor
the solution of carbon dioxide, which forms
carbonicacid when dissolvedin water. Carbonic
acid lowers the pH and may causeiron to dis-
solveinthewater. When ground waterispumped
to the surface and aerated, the simultaneous
decompressionofthe water andincreasein
temperatureallowsthecarbondioxide todiffuse
intotheatmosphere. Because of this, the pH of
the water willincrease causing theiron to oxi-
dize and precipitate. Iron canbe allowed to settle
outofthewaterbeforeitenterstheirrigation
system.

The design ofthe shape and size of the settling basin
involves several variables that must be considered
prior to starting: settling velocity of the particles, the
inflow rate of the water, detention time of the water,
inlet and outlet design, and space available. For ex-
ample, areservoirthatcanbedrained andislongand
narrow makes it easier to remove trapped sediments.
Theintaketotheirrigation system shouldbeasfaras
possiblefromthe water entering the reservoir to allow
asmuch time forsettling as possible. Thebasin can, if
needed, belined with a plasticliner or with bentonite
toavoid percolationlosses of water. Amaintenance
program to control algae, weeds, and animals and re-
movalofsediments shouldbedefined and carried out.
Figure 7-38 shows a well-maintained settling basin;
although not lined with a plastic liner, algae and weeds
are under control.

(b) Appurtances

(1) Valves

Varioustypesofvalvesareusedin MI systems topro-
tect and control the irrigation system: air and vacuum
relief, flow control, pressure regulation, pressure
sustaining, and safety. Valves come in various design,
sizes, materials, and configuration, manual or auto-

matic, metal or plastic, and hydraulically or electroni-
cally controlled. They are manufactured in a variety
of materialssuch asplastic,iron, brass,bronze,and
aluminum and are available with a variety of connec-
tions such as threaded, grooved, and flanged. Valves
for MI applicationrangein sizefrom 3/4to 12inches
(19-305 mm). Optional accessories are available such
assolenoids of various voltages, orifice sizes, two- and
three-way pilot valves, hydraulic relays, diaphragms,
and springs. Valves should be as maintenance free

as possible, highly accurate for regulating pressures
and reliable. Table 7-12 list valve types, their control
functions, and applications. Valves should be chosen
based on performance factors such as friction loss,
maintenance, accuracy, reliability, durability, speed of
closing/opening, flow range, pressure reduction ratio,
simplicity, and cost. Valves needed at the headworks
dependsuponthemethodofoperatingthe MIsystem.
Figure 7-19 shows valves for a system with fertilizer
and chemical injection, backflush control valves, back-
flow prevention, and safety controls.

On-off control valves—On-off control valves can be
operated manually or electrically by using a solenoid
tocontrol the flow of waterinthe mainline. A three-

Figure 7-38 A well maintained settling basin
——
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Table 7-12 Someofthevalve types available forirrigation, theirfeatures, and functions

——
Valve type Control functions Applications Remarks
Manual “on-off” 3-way manual selector permits selection Use with any small MI sys-

of open or closed tems

Electric control “on-off”

Pressure reducing

Pressure sustaining/
relief

Quick relief safety valve

Pump control valve

3-way solenoid valve, activated by an
electric current or pulse to open or close
valve

Valve maintains a preset pressure, regard-
lessofpressureorflow variation

Valve maintains upstream (inlet) pressure,
regardless of flow rate variations

Opensinstantly when pipeline pressure
exceeds safe level. Valve closes slowly
when pressure returns to normal

The electrically activated valve opens
gradually on pump start-up and closes

Protects MI system from high
pressures and surges

Valvewillcloseiftheinlet
pressuredropsbelow theset
point.Itfullyopenswhenthe
upstream pressure exceeds
thesetpoint

Eliminates damaging surges
caused by pump start-up and

Install downstream
of filter to maintain
filter pressure when
filter banks are back-
washed

Valve operates as a
non-slam check valve,

slowly before the pump is switched off shut-off preventing reverse
flow
Three-way filter back- Actsasamainvalveforfilterandasa Used with most filtration sys- | Valveis usually a part
flush flushing valve for backwash temsrequiringbackflushing of a modular filter
configuration
Check/backflow pre- Enableflowinonedirection. When flow Required for systems using
venting starts the flap rises. When the flow stops municipal water or when
theflapisreturnedbythespringtoits pumping from aquifer and
sealing position chemicals are injected
Modulating float control | The mainvalveiscontrolledbyafloat The valve maintains a con- Used to maintain a
valve,locatedinthetankorreservoirat stant water level constant levels in
the maximum water level standpipes and tanks
Air/vacuumrelief Air valves discharge large volumes of They admit large quantities of
valves, also known air before the pipeline is pressurized, air when the pipe drains and
as kinetic air valves, especially at pipe filling. They admit large | attheappearanceofwater
large orifice air valves, quantities of air when the pipe drains column separation
vacuum breakers, low- andattheappearanceofwatercolumn
pressure air valves and separation
airrelief(notrelease)
valves
Air release valves are Valve continues to discharge air, usually Releases air continuously
alsoknownasauto- insmaller quantities, after theairvacuum | when the lines are pressur-
matic air valves, small valvesclose, asthelineis pressurized 1zed
orificeairvalves, con-
tinuous acting air vents,
and pressure air valves.
Combination air valves, [ Fillsthe functionsofthe two typesofair Admits and releaseslarge
alsoknown as double valves described above quantities of air when needed
orifice air valves and releases air continuously
when the lines are pressurized
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way manual selector allows the choice of open or
closed. Three-waysolenoidvalvesareactivatedbya
current or pulse (Iatching solenoid) that open or close
thevalvetoallow waterflow (fig. 7-39). These valves
are available in various sizes, designs (globe, angle, or
wye) and materials (plastic, brass, andiron) and con-
nections (threaded, grooved, or flanged).

Pressure reducing/regulating/sustaining valves—So-
lenoid controlled, pressure regulating valves consist of
thebasicon-offcontrol valves and a pressure reducing
pilot. Pressureisreduced downstreamofthe valvetoa
preset level, which is maintained constant, regardless
of fluctuating upstream pressure and flow rate.

Figure 7-40showsatwo-way solenoid controlled,
pressure regulating valve. In two-way control system,
the upstream side is connected by control tube to the
downstream side of the valve. There are two flow re-
strictors, a needle valve and a pilot valve. The relative
opening of the two valves determines the downstream
pressure. Two-way valves are very accurate and fast
responding. The disadvantage of the two-way is the
considerable pressurelossevenwhen fully opened
andtheneedforclean waterto preventthe restric-
torsfromclogging. Athree-way pilotisalsoavailable
andisused when pressurelossthroughthevalveisa
concern. Three-way valveare alsolesslikelytoplugin
casesof dirty water.

Solenoid controlled, pressure sustaining valves consist
of the basic valves and a three-way pressure sustain-
ing pilot. Pressure is sustained at the upstream of the
valvetoapresetlevel, whilethevalveoutletdrains
excessive pressure to maintain the preset inlet pres-
sure of fluctuating downstream pressures and flow
rate. Pressure sustaining valves are used to maintain
adequate backflush pressure during filter backflush on
hilly terrain, to maintain pressure in elevated areas,
and many other applications where sustained pressure
18 necessary.

Quick relief safety valves—Quick relief safety valves
aredesigned with toopenwide passagesand quickly
relieve pressure at a manually preset pressure level.
When normal pressure returns, they usually close
slowlytopreventwaterhammer. Theyaredesignedto
protect pipelines and other equipment from accidental
high pressure events. These valves are usually sup-
pliedinthick metal such asbronzetowithstand poten-
tial cavitation.

Pump control valves—During pump start up, opera-
tion, and shut-off of pumping plants, pressure and
flowschangevery quickly and often. Quick relief
valves donotrespond quickly enough to the fluc-
tuations to protect the system from water hammer.
Sophisticated pump control valves maybeused to
regulate the rapid increase in pressure and flow rates

Figure 7-39  On-off control valve electrically operated
ssssss—— USIng a solenoid

Figure 7-40 Solenoid controlled, pressure regulating
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in pumping plants that cannot be managed by quick
relief valves.

Check/back flow prevention valve—A backflow pre-
vention valve prevents water, chemicals, and other
contaminants from flowing backward from the irriga-
tion system into the water supply. There are several
typesofbackflow prevention devicesusingvarious
mechanical designs to operate. Many States require the
useofbackflow preventionvalves, especially when

MI systems are used for fertigation and chemigation.
Figure 7-41 showsawaferstylecheck valveinthe
closed position.

Airvalves—Airvalves are a critical component of any
hydraulic network. Inits natural liquid state, water
contains 2 percent to 3 percent of dissolved air. As
water temperature rises and/or pressure in the line
drops, thisdissolved airisreleased from the waterin
the form of smallbubbles. The airbubbles expand and
rise to the top of the pipe and accumulate at elbows
andhigh pointsinthe system.Ifnotreleased, air pock-
etsareformed, reducing the effective diameter of the
pipe. Becauseairiscompressible,itstoresenergy and
reacts like a spring, causing local water hammer. If
notreleased, aircancause pipesandfittingstoburst.
Under vacuum conditions, the pipe has the potential

Figure 7-41 Springloadedswingcheckvalveinthe
s closed position (courtesy of A.R.I. Flow
Control Accessories)

Outsidespring
/ mechanism

of collapsing. When using pipes with gaskets, soil
particles can be ingested under the gaskets, and when
thepipesarepressurized again,aleak mayoccur. The
gaskets themselves can be sucked into the pipe, result-
ing in major water leaks and/or in infiltration of mud
and pollutants. The resistance to water flow along the
air layer can be much higher than the resistance along
the walls of the pipe, especially when the air movesin
a direction opposite to the flow of water.

Theuseofairrelease valvesisthe most efficient way
tocontrolairinirrigation systems. Controlofairis
very important and, depending on the circumstances,
both the presence of air and its absence can cause
severe problems and damages to the system.

There are several problems associated with the pres-
enceofairinpipelinesthatcancausedamages:

+ impedanceofflowin pipelines—obstructionup
tocomplete stoppage

* serious friction losses resulting in energy losses

* water hammer damage to pipes, accessories, and
fittings

* 1nadequate supply of water to sections of crops
caused by obstruction toflow and accumulation
of pressure losses at the ends of systems

* inadequate water supply tocrops duetoinaccurate
meter and automatic metering valve readings

*+ serious damage to spinninginternal parts of me-
ters, metering valves, sprinklers, and sprayers

+ corrosion and cavitation

* physical danger to operators from air-blown
partsandfromverystrongstreamsofair, dis-
charging at high velocity

There are several problems associated with the ab-
sence of air, when and where it is needed:
+ vacuum enhanced problems and damages

* 1ingestionofsoil particlesintothedrippers,a
critical problem with SDI systems.

* suction of seals and gaskets, in-line drippers
andotherinternal accessoriesofpipes,intothe
pipelines

+ uncontrolled suction ofinjected chemicals or
fertilizers into the system
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* pipeoraccessory collapse due to sub-atmo-
spheric (negative) pressures

+ absenceofan air cushion canincreasethe
damagesofsurge and slam occurrence

Therearethreestagesofoperationofanirrigation
system when air handling is critical:

Stage1 When the system starts up the pipe
networkisfull of air. Aswater enters the network,
airmust beexhausted quickly sothe watercan
displace it.

Stage 2 Duringnormal operation ofthe system,
dissolved air is released from solution, and this
free air accumulates in the high locations and
must be released.

Stage 3 Atthe end of theirrigation cycle, when
the pumpisstopped and/or when the systemis
drained,vacuumconditions mayoccurinthenet-
work, and air needs tobe allowed to quickly enter
the system.

Therearethree majortypesofairvents:

Air/vacuum relief valves, also known as kinetic
air valves, large orifice air valves, vacuum break-
ers, low-pressure air valves, and air relief (not
release)valves. Large volumesofairare dis-
charged before a pipeline is pressurized, espe-
cially at pipe filling. Large quantities of air are
admitted when the pipe drains and at the appear-
ance of water column separation. Figure 7-42
shows a typical air/vacuum relief valve.

Air release valves are also known as automatic
air valves, small orifice air valves, continuous
acting air vents, and pressure air valves. These
vents continue to discharge air, usually in smaller
quantities, after the air vacuum valves close,as
the line is pressurized. Figure 7-43 shows a typi-
cal air release valve.

Combinationairvalves,alsoknownasdouble
orificeairvalves, fillthefunctionsoftheair/vacu-
um relief valves and air release valves, admitting
and releasing large quantities of air when needed
and releasing air continuously when the lines are
pressurized. Figure 7-44 shows a typical combi-
nation airvalve.

Figure 7-42  Air/vacuum relief valve

Figure 7-43 Automatic continuous acting airrelease valve
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Figure 7-44 Combination air valve

Backflush valves to control filtration systems—Back-
flush valves are designed to backflush filter systems.
These valves are usually a part of a modular filter
configuration to ensure that filtered water is used for
backflushing. Figure 7-45 is a schematic of water flow
inasand mediafilter backflush processshowingthe
various valvesused tocontrol the backflush process
while continuing to irrigate. Inset for filter number 1
showsthevalveopeningforthenormalfilterflow. Wa-
terisfilteredthroughthesand mediaandflowstofilter
number 2inthereversedirection while continuingto
irrigatethefield. Thisis made possible by the use of
apressure sustaining valve (not shown) ahead of the
station, which maintains constant flow and pressure
to the system and the pressure regulating valve (not
shown), which continues to regulate constant pressure
inthefield. Insetforfilternumber 2showsthefilter
backwash flow being exhausted to a settling reservoir
for future reuse. It is recommended that fertilizer in-
jection be discontinued during the backflushing of the
filterstoavoid biological growthinthereservoir.In
multifilter tank systems, the above process is repeated
sequentially.

Figure 7-45 Schematicofthebackflushprocessinatypical sand mediafilterstation
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(2) Flowmeters Figure 7-46 Typical in-line recording flowmeter
An important device for measuring water movement
between the water source and thefieldisthe flowme-
ter. Close monitoring and accurate recordkeeping with
this device will allow the irrigator to make fundamen-
tal adjustments to the operation of the MI system and
detect problems before they can have serious effects
onthecrop. Flowmeters can either be monitored
manually or automatically by computerized monitor-
ing and control systems.

AkeyrequirementofoperatingaMIsystemisknow-
inghow much waterisbeing supplied to thefield and
the crop. In-line flowmeters may register total flow in
standard volumetric units such as gallons, cubic feet,
acre-feet,orothers. Someflowmetersturnoffauto-
matically when a certain amount of water has been
applied. Flowmeters allow the irrigator to directly
measure application rates, either manually or elec-
tronically via computers with remote communication.
These instruments can help detect problems such
ascloggingorlinebreakage. Atleastoneflowmeter Figure 7-47 Paddle wheel electronic flowmeter installed
shouldbeinstalledonthe main supplylinetoindicate s inalarge-diameter mainline

thetotal amountof waterbeing applied tothefield.
This meter should be read during each irrigation to
calculatetheflowrate andtotalamountofapplied
water. Thisinformation should be recorded for each
irrigation or on a regular basis. Flowmeters are avail-
able that show both total and instantaneous flow rates.

There are several types of flow meters to choose from,
the most popular being the propeller-type flow meter
because ofitsreliability and low cost. Paddle wheel
flowmeters are also widely used because of their low
cost. The reliability of flow measurements is highly
dependent on the flow meter location. Mechanical
flowmeters, such as the propeller type, assume lami-
narflowinthepipe. Flowmetersshouldbeinstalled
according to manufacturer’s recommendation. In
absenceofrecommendations, flowmetersshouldbe
installed downstream from a straight, unobstructed
lengthofpipeatleast 10timesthepipediameterin
length and followed by a straight, unobstructed length
of pipe, of atleast 5 times the pipe diameter. For ac-
curate readings, the pipe must be flowing full. Figures
7—46 and 7-47 show a typical in-line recording flow-
meter installed in a large mainline and a paddle wheel
flowmeter, respectively.
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Figures 7-48 and 7-49 show a single jet flowmeter in-
sertedintoalateral dripperlineand connectedtoaRF
transmitter in a cotton field irrigated by a MI system.
TheRFantennatransmitsflowdatatoaremotecon-
trol system, which manages the system’s automation.

(38) Pressure gauges/transducers

The performance of MI systems dependsonconsistent
control and knowledge of water pressure. Pressure
gauges are inexpensive, readily available, but only pro-
vide visual pressure status when someone reads them.
Pressure transducers are relatively expensive, require
automation, but provide continuous data and safety
factors and do not require visual reading. Regardless of
how well the MI system is designed or how well the
emitters are manufactured, operating pressures must
remain at design specifications to maintain the de-
sired performance and distribution uniformity. Manu-
ally monitoring pressures often or continuously with
automation is important because changes in pressure
canindicate avariety of problems. Dependingonthe
location of the instrument, a pressure drop may indi-
catealeak, acomponentor line break, a blocked filter,
or a malfunctioning pump. A pressure increase may
indicate clogged filters, valves, main and submainlines,
or partially clogged emitters. Minimum recommended
locations for monitoring pressure gauges/transduc-

ers are shown in figure 7-19. They are recommended
onthemainline, both before and afterthefilters,on
the manifold in the field and downstream from pres-
sure regulating valves to indicate the actual pressure
supplied to the laterals. As with flow meters, readings
from all pressure gauges should be recorded when the
systemisnewandonaregularbasisduringoperation.
When automation is available, continuous monitoring
of pressure transducers canbe used to monitor the
performance of MIsystems, toshutdownthe system
in case of problems or emergencies, and by using the
rate of pressure change to determine emitter plugging.

(c) Main, submain, and manifolds

The main objective of a MI system is to provide an
irrigation system such that when properly managed,
eachplant, vine,and/ortree willreceive the same
amount of water and nutrients, in sufficient quantity, at
the propertime, and as economically as possible. For
thisgoaltoberealized, the system mustdeliverthe
needed pressurized amountofwatertoeach emitter.
Assuming that the headworks and other previously
described components are performing properly, mains,
submains, and manifolds must then deliver the water
tothe laterals and emitters.

Figure 7-48 Standard single jet flowmeter inserted into

s alateral dripperlineandconnectedtoaRF
transmitter through an apertureinthe glass
cover

Connection to transmitter

Figure 7-49 Singlejet flowmeterinserted into alateral
s dripperline and connected to a RF transmitter
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(1) Main and submainlines

The main and submainlines carry water from the con-
trol head to the manifold or directly to the lateral lines.
The basic system subunit includes the manifold with
attachedlaterals. Pressure control or adjustment points
are provided at the inlets to the manifold. Because of
these pressure-control-point locations, pipe size selec-
tion for the main and submainlines is not affected by
the pressure variation allowed for the subunit. There-
fore, the pipe size should be selected based primarily
ontheeconomictrade-offbetween powercostsand
pipeinstallation costs. Design and installation of the
main and submainlines should be in accordance with
the National Handbook of Conservation Practices (U.S.
DepartmentofAgriculture Natural Resources Conser-
vation Service).

As with other irrigation pipelines, the flow velocity,
check valves, air and vacuum relief valves, and pres-
surereliefvalvesmustbeconsidered andincorporated
aspartofthesystem. A meansofflushinganddrain-
ingthepipelinesalsoshouldbeincorporatedintothe
mainline and submain system. Factors to be consid-
ered in design and installation of pipelines include
pipeline velocity, energy losses due to fittings, pressure

ratings, surge pressures, temperature effects, thrust
blocks and trenching and backfilling of pipelines, both
in the operation and flushing mode.

(2) Manifold

The manifold, or header,connectsthe mainline to
thelaterals.Itmaybeonthesurface, butusuallyitis
buried (fig. 7-50). The limit for manifold pressure loss
depends on the topography, pressure loss in laterals,
total pressure variation allowed for the emitter cho-
sen, and flushing velocities. Once these limits have
been established, standard calculations for hydraulic
pipelines with multiple outlets may be used.

Onflatterrain, the mosteconomiclocation forthe
connectionfrom submain or mainline tothe manifold
isinthe center of the manifold. Ifthereis any ap-
preciableslope, the downhill elevation gaincanbe
balanced by reducing the pipe size or by moving the
connection pointuphill toincrease the number of
laterals served downhill. Typically, a combination of
bothmeansisusedtobalancethedownhillelevation
gain. Anuphill pressurelosscanbebalanced by reduc-
ing the number of uphill laterals served, increasing the
size of the manifold piping, orboth.

Figure 7-50 Manifold layout showing inlet connection uphill from center and showing pressure regulated manifolds

——
r Area served by manifold
____________________ .
Mainlinep- | | |
|
|+ Pressure regulators |
Mainline —mt:{ H \h |
connector AT AT
|
Manifold |
[ P
joh
I |s
wm
I
I
Laterals :
|
I
I
____________________ H
Slope

Layflat flexible manifold on the surface and a buried rigid PVC
manifold
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(d) Laterals and emitters

(1) Laterals
InMIsystems,thelaterallinesarethe pipesonwhich
the emitters are attached. Water flows from the
manifold into the laterals, which are usually made of
polyethylene plastic tubing ranging from 3/8 to 1 inch
in diameter (0.95-2.54 cm). Continuous-size tubing
provides better flushing.

Thelayoutoflaterallinesshould be such thatitpro-
videsthe required emission points for the crop tobe
irrigated. For tree crops, figures 7-51a through 7-51e
show sometypicallayouts. Asthetrees mature, two
laterals per row of trees maybe needed (fig. 7-51b).
Othermethodsofobtaining more emission points per
tree are zigzag and “snake” layouts and use of pigtail
lineslooped around or between the trees. The use

of “spaghetti” tubing to provide multioutlet emission
points is another way to distribute water. However,
theselastthreelayout methods (figs. 7-51c,d, and e)
are less pressure efficient (too many elbows) and more
difficult to maintain. In DI and SDI irrigated orchards,
the preferred layouts are those shown in figures 7-51a
and 7-51b.

ForSDIsystemsonfield, forage,and vegetablecrops,
thelayoutofthelaterallinesshouldconsiderthe emit-
terspacing, the depthofthelaterals, the shapeofthe
crop’srootsystem, and the soil texture. Typicaldepth
ofburialisbetween 4 to 24 inches (0.1m—0.6m) andis
very dependent on soil conditions, crop, and type of

tape or tubing being used. Table 7—13 provides guid-
ance for typical lateral spacings and burial depths for
various Crops.

Figure 7-52 showsatypicallateralconnectiontoa
buried manifold. This type of arrangement may be
used for field as well as more permanent type of crops.
Figure 7-53 shows installation method used for SDI
drip tape. Figures 7-54 shows additional lateral lay-
outsofboth DIand SDIthat mighttypicallybeused
forcropsotherthantrees.

(2) Emitters

In MI (drip, subsurface drip, low-pressure systems,

or bubbler irrigation), emitters are used to dissipate
pressure and discharge water at a constant rate and
uniformly from one end of the field to the other. An
emitter permits asmalluniform flow or trickle of
waterataconstantdischargethatdoesnotvarysig-
nificantly with minor differences in pressure head.
Ideally, emitters should have either a relatively large
flow path cross section or some means of flushing to
reduceclogging, be pressurecompensated andnon-
leaking when the system is shut off. Emitters should
alsobebothinexpensive and compact. Twoimportant
numbers quantify how well a drip emitter performs:
thecoefficient of variation (CV) and the discharge
exponent (x). Most drip system manufacturers publish
CV and x values for all of their products or will pro-
vide them upon request. Several independent test labs
also rate emitters and publish this information. These
numbers are described in NEH623.0712.

Table 7-13  Typical lateral spacing and burial depth guidelines (after B.C. Trickle Irrigation Manual 1999)

Crop Burialdepth Line spacing

Trees and grapes >16inches (0.4 m) Asperrow spacing

Berries and vines >8inches (0.2 m) Asperrow spacing

Row crops—corn, cotton >12inches (0.3 m) 24-80 inches (0.6-2.03 m)
Raised beds—single row 2-4 inches (0.05-0.1 m) One line 4-6 inches (0.1-0.15 m)
Tomatoes, melons from center of bed
Raisedbeds—doublerow 2-4inches (0.05-0.1 m) One line down center of bed
onions, peppers, strawberries

Raisedbeds—doublerow 3-6 inches (0.075-0.15m) Twolines spaced halfthebed

>30-inch (0.75 m) bed width

width apart
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Figure 7-51
|

Displays various lateral layouts used for a widely spaced permanent crop

a. Singlelateral for each tree row. Sp=plant spacing; Sr,
=row spacing; SW =width of wetted strip; Se =emitter
spacing; SL=lateral spacing

Shade

4— Lateral
with
emitters

d. Pigtailwithfouremitterspertree

Emitter

b. Doublelaterals c. Zigzag lateral for
each tree for

eachtree row

e. Multiexit six-outlet emitter per tree with distribution
tubing

Emitter

Emission points

e
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Figure 7-52 Permanent SDI manifold used for field and
meesss———  vegetable crops. Similar manifolds can be
used fortreeandvine cropsusing different

lateral spacings

Figure 7-53 Installation of SDI drip tape on a corn field in
e Texas

(210-VI-NEH, October 2013)

Figure 7-54 Typical lateral layout
|

Typicallaterallayout for single row crops both SD and SDI

Drip tape

Wetting
pattern

Typical lateral layout for double row crop both SD and SDI

Double row
cropping
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The pointonorbeneath the ground at which water
isdischarged from anemitteriscalled theemission
point. MI with water discharged from emission points
that are individually and widely spaced, usually more
than 3feet(0.914m),iscalled point-source applica-
tion.

Because of various conditions affecting microirriga-
tion, an assortment of emitters has been developed.
To dissipate pressure, long-path emitters use a long
capillary-size tube or channel, orifice emitters use a
seriesofopenings, and vortex emitters use a vortex
effect. Flushing emitters use a flushing flow of water
toclearthe dischargeopening eachtimethesystemis
operated. Continuous-flushing emitters continuously
permitthe passageoflargesolid particleswhile dis-
charging a trickle or drip flow. This type of emitter can
reducefiltering requirements. Compensating emitters
dischargewaterataconstantrateoverawiderange
of lateral line pressures. Multioutlet emitters supply
water to two or more points through small-diameter
auxiliary tubing. Figures 7-51 through 7-54 show con-
struction and characteristics of emitters.

Theemitteristhe mostimportantpartofthe MIsys-
tembecauseit will dictate most of the specifications
forthe other components of the whole system. Numer-
oustypesofwaterapplicationdevices are manufac-
tured andused. Howelletal. (1981) outlined 5 cat-
egoriesofemittersand gave 16 examplesof emitters
(after Solomon 1977):

long-path emitters
short-orifice emitters
* vortex emitters
* pressure compensating emitters
* porouspipeortubeemitters
Inadditiontothesedevices, MIsystemsalsoinclude
microjets and microsprinklers. Emitter technology has
improved considerably, and emitters are now often
not only pressure compensated, but include nonleak,
anti-siphon devices and mechanical and chemical root
intrusion prevention. Many of the examples provided

arenolongerbeingusedinthe United States. Today,
emission devices can be divided into six categories:

heavy wall, semipermanent, discrete emitter drip
lines

thin-wall, discrete emitter dripper lines

* single chamber tapes
button emitters
microjet/microspray

microsprinkler

Originally,adripemitterconsisted ofaninlet, aflow
channel,andanoutlet. Thefirsttypeofemitterwas
introducedinthe mid-1960s and consisted of a micro-
tubewound around a delivery pipe with the length of
the microtube determining the discharge rate of the
device for a given pressure. An integrated drip emitter
consistingof aninlet, aflow channel,and anoutlet all
included within the same unit was introduced in the
1970s. The inlet allowed water into the flow channel
fromthedriplateral. Theflowchannel wasanar-

row path, designed to slow down the laminar flow of
water andreduce the water pressure by friction loss.
The emitter outlet wasa small opening atthe end of
the flow channel through which the water dripped
into the soil. The emitter was then inserted between
two lengths of polyethylene tube. Figure 7-55 shows
aschematicofoneofthese widely used, early-type
laminar flow emitters and shows one of these emitters
being used to irrigate.

Heavy wall, semipermanent, discrete emitter drip
lines—In the 1980s, pressure compensation was
introduced todiscrete emitter driplinesbyaddinga
pressure-sensitive membrane. Figure 7-56 shows a
pressure compensated (PC) emitter that has been used
extensively for surface and subsurface drip. The pres-
sure compensation allowed the extension of lateral
length and theinstallation in undulating terrain. How-
ever, these emitters drained at low points along the
laterals, which was detrimental to application unifor-
mity under high-frequency irrigation scheduling. The
nextadvancecameinthelate 1990swhenthenonleak,
antisiphon concept (CNL) emitter was introduced.
Figure 7-57 shows a PC—CNL emitter. This emitter is
extremely advantageous for preventing drainage at
low points on undulating terrain, for preventing soil in-
gestion into SDI systems when the system is switched
off, and for high-frequency irrigation scheduling. The
PC-CNL will not discharge water when the pressure
dropstoabout 13 feet (4.0 m), Thisemitter discharges
water at a predictable and consistent rate, emits water
atnearlythe samerateforarange of supply pres-
sures, resists plugging, prevents soil ingestion in SDI
systems, andreducesdrainageatlow pointswhenthe
systemis switched off.
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Figure 7-55 Schematic of an early (1967-70) in-line pressure laminar flow emitter (courtesy Netafim USA)

Envelope
f Water inlet Wateroutlet

Threaded water passage

Figure 7-56 Schematic of an in-line, pressure compensat-

s cd emitter (1980s) (courtesy Netafim USA)
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Schematic of an in-line, pressure compensat-
ed emitter, incorporating the nonleak anti-
siphon concept (1990s) (courtesy Netafim
USA)
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Thinwall dripper lines—Thinwall dripper lines pro-
vide a less costly, short-term alternative type of drip
line than heavy wall, semipermanent, discrete, emitter
drip lines. They do not have the long life expectancy of
the heavy wall semipermanent drip systems, but offer
theintegrity ofadiscrete emitterline. Theyareoften
used forfield and vegetable crops. Figure 7-58isa
schematicof anonpressurecompensated emitterfor
thinwall dripper line (late 1980s).

Drip tapes—Drip tape is another short-term alterna-
tive drip line to heavy wall, semipermanent, discrete
emitter drip lines. In the tape, the emitting device
consistsofaninlet, aflow channel, and anoutlet. The
inletallows waterintotheflow channel from the main
chamber ofthe drip tape. The flow channelis anarrow
path with a complex shape designed to slow down the
flowof water and create turbulence, which prevents
contaminants from settling. The emitting outlet is a
smallopening atthe end of the flow channel through
which the water dripsinto the soil (fig. 7-59). Awell-
engineered drip tape emits water at a predictable and
nearly consistentrate, butitis more susceptibleto
changesinsupplypressuresandbasedondesign,it
may resist plugging.

Likeotherdrip systems, drip tapes can be affected by
plugging and canbecome nonuniform to a point where
theybecome completely debilitated in the midst ofa

growing season. Tapescanbe more prone to plugging
than heavy wall, semipermanent, discrete, emitter drip
lines because they are collapsible.

Buttonemitters—Button emitters are used mostly

for landscape and greenhouse applications. However,
oneoftheadvantagesofbuttonemittersisthe abil-
itytoincrease thenumberofemittersasthe demand
forwaterincreases with maturingtreeorvinecrops.
Figure 7-601saschematicofapressurecompensated,
turbulent flow button emitter with barbed outlets and
abuttonemitterusedtoirrigate afigtree.

Microjet/microspray—Microjets/microsprays systems
discharge waterin a smalluniform spray of waterto
cover an area of 10 to 100 square feet (0.96 t0 9.3 m?)
with water application rates ranging from 5 to 60 gal-
lonsperhour(19t0227Lph). Sprayersshould have
alow water trajectory and a single large flow cross
section and should apply the water evenly. Microjets/
microsprays systems are typically used with tree crop
applications where wider wetting patterns or larger
flowrates are desirable. They may alsobe used inun-
favorable soilconditions or poor water quality. Micro-
jets/microsprays systems may be selected instead of
microsprinkler to avoid moving parts that may jam or
clog. The wheel spoke application pattern also mini-
mizes saturated soil conditions and improves rootzone

Figure 7-58 Schematic of a nonpressure compensated
s cmitter for thinwall line (1980s) (courtesy
Netafim USA)
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Figure 7-59 Pictureofawidelyusedsinglechamberdrip
s tape irrigating strawberries
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aeration. Figure 7-61 shows a single lateral microjet
systemusedonyoungcitrustrees.

Microsprinkler—Microsprinklers systems discharge
waterin a small uniform jet of water tocover a 360-de-
greecircular pattern with a covered areaof 100to 200
squarefeet(9.3t019.5m") and waterapplicationrates
ranging from 10to 63 gallons per hour (35to 240 Lph).
Microsprinklers should have a low water trajectory
andasinglelarge-flow crosssection and should apply

the water evenly. Microsprinkler systems are typically
used with tree crop applications where frost protec-
tion is needed and wider wetting patterns or larger
flowratesaredesirableinunfavorablesoilcondi-
tions or water quality. Frost protection results from
the generation of heat of fusion as water turnstoice
(from liquid to solid) and from the cooling of water.
Thesprinklerscanbelocated underthetrees,overthe
trees,oratatargetedlocation. Figure 7-62 showsa
microsprinkler system in an almond orchard.

Figure 7-60 Schematic of a pressure compensated,
s turbulent flow button emitter (courtesy
NetafimUSA)

Labyrinth
(turbon=t water

passage)

Inle=t |

Figure 7-61 A single lateral microjet system in a young
EE—  citrus trees
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(d) Flush system

The flushing system is comprised of most of the com-
ponents described in previous sections and, in addi-
tion, typically includes flush valves and flush manifolds
atthe downstream endofthelaterals (fig. 7-63). A
means of flushing and draining the pipelines is also
incorporated into the main, submain, and manifolds. A
flushing system also requires a drainage sink to re-
movetheflushwaterfromthesite.

FlushingofaMI systemisrequired toremove particles
and organisms that pass through the filtration system
and accumulate in the pipelines, manifolds, and later-
als. Flushing involves pushing water through the sys-
tem at a sufficient velocity to resuspend the sediment
that has accumulated and allowing the flush water to
exit the system.

Alwaysconsidertheflushingrequirements during the
design phase because pumps, mains, and submains
must be able to provide and maintain the flow velocity
needed for flushing. Although adequatefiltration canre-
duce the frequency of flushing, flushing should be done
atleast annually. In some systems, it may be necessary
to flush more often. Each MI system should be moni-
tored for clogging to avoid acomplete shutdown ofthe
system. Clogging of emitters occurs gradually, results in
a progressive deterioration of system performance, and
negates some of the advantages of microirrigation.

Figure 7-63 Branched flushing manifold detail (courtesy
mssssmm F.R. Lamm and Kansas State University)
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623.0709 Operations and main-
tenance

(@) Operation

The procedures used for operating and maintaining MI
systemcomponentsarecriticalfactorsinvolvedinthe
success or failure of any MI system. The management
objectives of MI are:

+ applyasmallvolumeofwaterasfrequentlyas
needed to maintain a portion of the rootzone
under nearly constant soil water to prevent plant
water stress from occurring

* manageitasdesiredtoachieveapredefined
plant growth and quality objective

* achieve both previous objective simultaneously

Assuming proper system design, installation, and man-
agement, operating a MI system will maintain some

of the soil surface dry, eliminate runoff, and minimize
deep percolation of water below the rootzone and
leaching of soluble nutrients (such as nitrate-N) to
theground water. A generaloperating procedurefora
MI systeminvolvesthefollowing stepsfor the owner-
operator:

Step 1: Acquiring complete componentsinforma-
tion and instructions from the designer and dealer
and fully understanding the operating instructions.

Step2: Frequentlydeterminingwhenandhowlong
to irrigate. For an automated system, this can be
donedailywithaweatherstationoranevaporation
panwith or without soil moisture feedback (figs.
7-22, 7-23, and accompanying text). For a manual
system, determining when and how long to irrigate
should be done at a minimum of once a week and
irrigationshouldbe applied dailyataseventhofthe
weekly demand.

Step3: Checkingthewater meter measurements
and recording these figures either manually or
automatically. Mechanical water meters should be
recalibrated yearly.

Step 4: Accurately setting the control system and
understandingits functions.

Step5: Operatingtheheadvalvetobeginirriga-
tion.

Step 6: Checking the system components for
proper operation, beginning with pressure and flow
measurements at the header.

Step 7: Checkingthe dischargerate of emitters, at
leastonarandombasis.

Step 8: Measuringthe pH and ECw ofthe water
and setting the chemical and fertilizer injection
equipment according to the water quality and the
crop nutrient demand. Fertigation and chemiga-
tion are described in details in NEH623.0706 and
623.0707, respectively.

Figure 7-64 is a flowchart describing the sequence

of major eventsinvolvedin theoperationofeithera
manually or automated MI system. The coarser the soil
texture, the more frequent the irrigation system will
need tobe turned on and, depending on the crop water
requirement and the crop sensitivity to water stress,
the number of irrigation could vary from two or three
per week to several daily irrigations. Because of this,

it is time and labor advantageous to use an automated
control rather than manual irrigation control. Note
that there are some interactions between the opera-
tional flowchart (fig. 7-64) and the maintenance flow-
chart (fig. 7-65). These interactions are represented by
circle and specificitem numbers for each figure.

(b) Maintenance

Reliable performance of aMIsystem dependson
preventive maintenance that includes proper filtration,
pipeflushing, andfield checksof mechanical and elec-
trical devices. The various methods of cleaning filters
were described earlier in this chapter. Normally the
filterisdesigned with 20 to 30 percent extra capacity.
Unless the filter has an automatic backflushing system,
it must be hand cleaned daily during the irrigation.

After construction, installation, or repairs, the irriga-
tion system must be flushed systematically, beginning
with the headworks, then, the mainline and proceed-
ing to the submains, manifolds, and laterals. The
mainlines and then the submains should be flushed
oneatatime with the manifold orriservalves turned
off. Closing the valves on all lines except the one being
flushed increases the flushing velocity of water. The
manifolds should be flushed with all the lateral riser
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Figure 7-64 Operational flowchart for managing irrigation, either manually or automatically with a computerized irrigation

s controller, as described in figure 7—22

Input #1
from
Maintenance
flowchart
Fig. 7-56

Acquire complete
components information and
instructions from the

designerand dealer

Didyou
study & fully understand
teoperating

instructions?

GoBack & Do IT!

Doyou have
anautomated imigation
controller?

Did you determine
when and how long to
imigate for today

or this week?

Goto Section 10E, use
equation 7-14 & following
equations to calculatethe
depth of water application
needed for your propos ed
irigation frequency

YES

Is itime to

imgate again?

After imigation has started, the
controller will:

1. Continuously measure flow &
pressures & determine if all

thresholds are met; if not sys tem will
be turned off.

2. Measure pH & ECw & adjustacid
and fertilizer injections to apply

needed fertiizers while maintaining pH

The Inigation controller wilk

1.Read he wakrmeter(s)and

record volumes & flow rates.

2. Setthe fertiizer injector to
inject nutrients.

. Openthe head valve(s) to begin
imigation basedon presettime &
calculated water required

. Measure flow and pressures &
determine if thresholds are met. range.

.Measure pH and E Cw & adjust 3. Flushfiters if needed.
acid injection, as needed 4. Sequentially tum off system

. Measure soil moisture & adjust 5. Record all data for daily report.
Kc as needed. 6. Store alldata for several days.

. Flush filters if needed

8. Record all data for report.

™

]|!

=

The irigator must:

1. Read the water meter(s)
and record these figures.

2. Setthe fertiizer injector
to inject nutrients

3. Openthe head valve(s) to
begin irrigation.

After imigation has started, the

irigator must:

1. Measure flow and pressures &
determine if thresholds are met

~

.Measure pH and ECw & adjust
acidinjection, as needed.

. Measure soil moisture & adjust
Kc as needed.

. Flush filters if needed.

Record all data for report.

<

To terminate irigation, the irrigator
must:

1. Sequentially turn off system:
fertiizer injector first, then imigation
pumpand valves

2. Check fertiizer and acid tanks for
contents; refill as needed

5. Record alldata for daily report.
6. Store alldata in permanent data
files

w

LIS

Refil Acid & for
fertizer tanks

DoAcid & fertiizer
tanks need refilling?

Imigator should
determine if itis tme to
perform maintenance ?

Do Acid & /or fertiizer YES

tanks need refilling?

Refil Acid &for
ferflizer anks

Goto #2
in
Maintenance
flowchartF
ig. 7-64
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Figure 7-65 Maintenance flow chart for either a manual or an automated system

Acquire complete
components maintenance
information & instructions

from the designer and dealer

Determine W ater quality

Check & backflus h filters

Flush Headworks

Flush Main, submains & manifolds
Flus h laterals, min V=1 ft./sec
Check electrical components

Check flowmeters calibration
Calibrate pH and E Cw electrodes

Test Irrigation System:

1. Visually measure flow & pressures
& determine if all thresholds are met;
if not system s hould be turned off.

2. Measure pH & ECw & adjust acid
and fertilizer injections to apply
needed fertilizers while maintaining pH
range.

Did you
study & fully understand
the maintenance
ins tructions ?

Is this the initial
start up of the system?

3

Is this the
winterization

maintenance?

Input
from
Operational

flowchart
Fig. 7-63

regular s cheduled
maintenance?

Is this a
regular annual start
up maintenance?

3. Adijust filter flush if needed.

4. S equentially turn system on & off.
5. Record all data for daily report.

6. S tore all data for future reference.

Check pres sure gauge accuracy
Check emitter EU (if -5 to -10%,
consider replacing emitter)

Check acid treatment sys tem

<

Check chlorination system

Fumigate soil, if appropriate
P erform winterization if end of
season

P erform winterization at end of

season. Drain all water from

System OFF.
Go to #4 at
beginning of
newseason

above ground components after
flushing.

Backflus h filters and check sand
media in tanks, clean screens.
Flush Headworks and drain.

Flush Main, submains & manifolds.
Flush laterals, min V=1 ft./sec.
Check electrical components and

switch off at electrical panel.
Remove pH and E Cw electrodes.

Backflus h filters and check sand
media in tanks, clean screens

fiters. :’\>
Flush laterals, min V=1 ft./sec.

Check electrical components.
Calibrate pH and E Cw electrodes.
Check pres sure gauge accuracy
Random C heck emitters EU (if -5-
10% may have to clean or replace)
Test & adjust acid treatment
system.

Test chlorination system.

Determine W ater quality

Check & backflus h filters

Flush Headworks

Flus h Main, submains & manifolds
Flus h laterals, min V=1 ft./sec
YES Switch onand Check electrical
components

Check flowmeters calibration
Install & Calibrate pH and ECw
electrodes

Check pres sure gauge accuracy
Random C heck emitters EU (if -5-
10% may have to clean or replace)
Test & adjust acid treatment
system

Test chlorination system

Fumigate soil, if appropriate
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valves turned off. Finally, the lateral hoses should be
connected and flushed forabout anhour (depending
on the lateral length) on each operating station. Fine
sand, silt,and clay tend to settlein thelow-velocity
sectionsofthe system, at the ends of manifolds and
laterals, and at low elevation points. Emitters receiv-
ing high concentrations of these fine contaminants are
susceptible to clogging; therefore, periodic flushing is
a recommended part of an adequate maintenance pro-
gram. Annual flushing is sufficient for many systems,
but for some systems, water and emitter combinations
require almost daily flushing to control clogging.

For any installation where the drip laterals are in-
stalled below the soil surface, suchasin SDIand LPS
systems, thereisapotentialforsoilingestionintothe
laterals when the system is turned off and adequate
vacuum breaker valves are not strategically located. In
these cases, daily flushing may be required. If frequent
flushing is required, automatic and semiautomatic
flushing valvesarerecommended attheendsofthe
laterals. Aminimum water velocity of about 1.0 foot
persecond (0.3 m/s) isrequired toflush fine particles
from lateral tubing. For 0.5-inch (12.7 mm)-diameter
tubing, this is equivalent to 1.0 gallons per minute
(3.785/min).

Systematic checking is required to spot malfunctioning
emittersortouse accurateflow and pressure measure-
ments and analyze their rates of change over time.
Slow clogging causing partial blockage results from
sediments, precipitates, organic deposits, or mixtures
ofthese. Physical deterioration of partsisaconcern
with pressure compensating emitters. The flow pas-
sagemay slowlyclose asthe compensating part wears
out. Mechanical malfunctioncanalsobe aproblem

in flushing emitters. Emitters should be cleaned,
replaced, or repaired when emission uniformity (EU)
dropsbetween 5to 10 percent below the design uni-
formity or when the average emitter discharge (qa)
times EU/100 is insufficient to satisfy the plants’ re-
quirements for water.

The cleaning required depends on the filtration, overall
system design, emitter design characteristics, and the
water quality (table 7-2). Some emitters can be disas-
sembled and cleaned manually. Others can be flushed
to getrid ofloose deposits. Carbonate and bicarbon-
ateconcentrationin excessof 150 parts per million
(mg/kg) willusually precipitate whenthe pHofthe
irrigation water exceeds 7.5. Injecting 0.5 to 1 percent

sulfuricacid solutionatmanifoldorlateralinletscan
dissolve carbonate and bicarbonate precipitates. With
thisacidtreatment, a minimum contacttimeof5to 15
minutes in the emitters will normally suffice, provided
thattheemitterflow pathisnotfullyclogged. Sulfuric
acid should also be used foriron precipitates. When
the water quality factorsexceed thelevelsrecom-
mended in table 7-2, then follow the recommendations
provided in NEH623.0706.

Acid treatment may not always be practical or 100
percent effective and, obviously, may be ineffective for
completelyclogged emitters. Air pressure of 70to 140
psi(5to10atm) applied atlateralinlets canremove
jellylike deposits from long-tube emitters. However,
theemittersandconnectionstothelateralhosemust
be very strong to withstand this high pressure, and the
method is not effective for all types of clogging or on
allemitters. Theuseofhigh water pressure toclean
emitters is limited because getting enough pressure
totheend emittersispracticallyimpossiblefor most
emitters.

Pipeline, valves, and electrical pumps require little
maintenance. Normal precautions should be taken

for drainage at shutdown time and for filling at the
beginning of the irrigation season. Before startup and
during the irrigation season, components should be
lubricated according to the manufacturer’s recommen-
dations. For gasoline or diesel driven pumps, engine
maintenance and repairs should be performed during
the off-season.

Figure 7-65isaflowchart describing the sequence of
major events involved in the maintenance of either
amanually or automated MI system. Maintenance
schedulesaredividedintofourtypes:

* 1initial system maintenance that should occur
after the installation and before any irrigation
starts

* system winterization that should occur before
shut down for the winter to clean and drain the
system and avoid frost damage

* in-season regular scheduled maintenance to
ensure accuracy of the water delivering system,
usually during the peak ET period
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* regularannual start-up maintenance and cleanup
to ensure adequate functioning of the system,
following several inactive months

Note that there are some interactions between the
operational flowchart (fig. 7-64) and the maintenance
flowchart (fig. 7-65). Circles represent these interac-
tionswith specificitem numbersforeachfigure.

|
623.0710 Soil-plant-water rela-
tions

MIsystemsreplacethe soil water storage concept
utilized by conventional irrigation systems. A small
volumeofsoilismaintained ataconstantsoil matric
potential due to frequent moisture replacement. The
advantage of a MI system is that it can accurately
replace water lost by the evapotranspiration and drain-
age. This process is referred to as “high-frequency
irrigation (HFI).” Systems operated in this mode can
help toprevent plant water stressfromoccurringor
tomanageplantwaterstressasdesiredtoachievea
predefined plant growth and quality objective. Manag-
ing a HFT system requires knowledge and understand-
ingofthe wetted soil volume, wetting pattern, and the
dynamicsof water movementinsoil.

(@) How water movement in the soil
works

Water movesin soilunder mass flow (liquid state) and/
or slowly by diffusion (vapor state). Forces controlling
the movement of water are mostly due to the capillary
nature of soil (capillaryforcefield) thatactsequally

in all directions and the gravitational force field that

is always constant and downward. The capillary force
dominateswhenthesoilisdry,butdecreases quickly
asthesoil wets.

Figure 7-66 shows the effect of soil texture on soil
water content. The zone used for high-frequency ir-
rigationhasaverynarrowrangeinthecoarse,sandy
soil, increasing slightly as the soil texture increases
towards the clay soil. Figure 7-67 shows typical pat-
ternsofsoil water distribution from a subsurface point
sourcein a homogeneous soil, as affected by irrigation
duration and soil textures. Figure 7-68 shows patterns
of soil water distribution from a subsurface point
sourceinastratified soil, asaffected byirrigation
duration and soil textures. As the water-holding capac-
ity of soil decreases with soil coarseness, the duration
oftheirrigation pulse should be reduced tominimize
deep percolation below the rootzone and/or upward
channelingofwatertothesoil surface, especially
when the soil is stratified (fig. 7-68). Furthermore, be-
causeDIand SDIsystemsconcentrate the emission of
watertoapoint source, the soil saturation underthe
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Figure 7-66 Relative soil water content as affected by soil texture
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Figure 7-67 Idealizedpatternsofsoil waterdistributionfrom a subsurface point sourceinahomogeneous soil, asaffected
meessss—— by irrigation duration and soil textures
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emission point occurs very rapidly and has the tenden-
cy to maximize drainage unless the emitter discharge
rate is slower than the soil hydraulic conductivity.

Thebasic HFI objective consistsofirrigatingin short
pulses with an emitter discharge rate lower than the
soil infiltration rate (surface MI) or unsaturated K for
SDI systems, so that the water movement is controlled
mostlybythecapillaryforcefieldratherthanbythe
gravitational force field. The timing between irrigation
events also allows additional distribution of water
under capillary action. Therefore, successfully control-
ling water application with DI and SDI will be more
demanding than with conventional irrigation methods.

(b) Potential of high-frequency irrigation
scheduling

Under conventional irrigation scheduling, water is
applied overalarge soil surface areatoreplace several
days of evapotranspiration. Since daily evapotrans-
piration rates are extremely variable and unpredict-
able, the probability of applying the correct amount of
water for the next cycleislow. On the other hand, the
high-frequency system has the potential to be adjusted
for the change in daily evapotranspiration demand,
measured, asoften ashourly; hence, the probability of
applyingthecorrectamountofwaterishigher.

(c) Soil wetting patterns

The wetted soil volume (V) generated by a DI system
when water is applied under HFT irrigation scheduling
will develop along a horizontal plane starting at the
soil surface for a surface system or at various depths
below the soil surface for a SDI system. Because of
variations in infiltration rate, texture, structure, slope,
and horizontal stratification of soil, a mathemati-

cal relationship to determine V , willnotbe accurate
unless the variables are well defined. A reliable but
time-consuming way to determine V_ is to conduct
field testsin which testemitters are operated at afew
representative sites in a field and the wetting patterns
aredetermined. Theflowrate and volumeof water
appliedinthetestshouldbe similartothedesign
values expected for the system under consideration.
This practice is difficult to perform with SDI systems
becausethesoilhastobedisturbed. Thisequipmentis
recommended toperformafieldtest:

*+ 20-t030-gallon(76to 114 L) pressurized con-
tainer, equipped with a pressure gauge

+ stand for the container, a trailer or the bed of a
pickup truck

- 10-foot (3.05 m) piece of 1/4- or 3/8-inch- (6.4 or
9.5 mm) diameter tubing to the bottom of the
container

120-mesh screen filter to prevent clogging the
emitter

* turbulent flow emitter with a discharge rate equal
tothe expected system design flow rate, ata
given design pressure

* 0.0265-gallon (100 ml) graduated cylinder
+ watchwith asecondhand
+ shovel

* soil auger

Thetestis performed asfollows:

Step 1: Place the container on the stand and cali-
brate the test emitter by measuring its discharge
rateatagivenpressure. Ifthisisnotapressure
compensating (PC) emitter, then the test should be
repeated at a range of pressures.

Step 2: Position the test emitter on the smoothed
dry soil.

Step 3: Fillthe pressurized container with the
amountof waterrequired to provide the expected
designdaily flow for anemitter.

Step4: Releasethedailyflowrequirementthrough
the test emitter by applying water pulses at the
expected management frequency. The down time
between pulses should be equal to the duration of
the pulse. If the soil is very dry, wait 24 hours before
checking the wetting pattern.

Step 5: Digatrench 36inches (0.914 m) deep
through the test emitter location.

Step 6: Measure the width and depth of wetting at
6-inch (0/152 m) intervals from the test emitter.

Step 7: Plot the cross section, and compute the
wetted volume (assume symmetry).
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Figure 7-69 shows the measured wetting patterns for
12 gallonsof water applied toa dry sandy-clay soil at
ratesof1,2,and 4 gallons per hour. The sandy clay-
textured desert soilwas drybefore thetest. Note that
eventhoughthesystemwasnotoperatedasHFI, the
wetting patterns are not similar for the three rates with
equalvolumesofwaterapplied. Nearthesoil

surface, the 1 gallon perhour emitter produceda 33
percent wider wetted volume than the emitters with
higherflowrates. The4gallonsperhouremitterdid
notcauseponding,butmayhaveapproachedthevalue
of the saturated hydraulic conductivity. Because of
itsrelativelylow dischargerate,the 1 gallon perhour
emitter maintained the unsaturated water condition
for alonger period of time and promoted greater hori-
zontal water movement. With HFI wettings, the area
wetted would probably have beenlarger, even for the
emitter with a higher discharge rate. Today, most of
the emitters are available with discharge rates from 0.2
to1l.0gallonsperhour.

Figure 7-70 shows the relationship between the maxi-
mum horizontal and vertical movement in a uniform
sandy soil for emitter dischargeratesof1,2,and 4
gallons per hour. The data points in figure 7-70 demon-
stratethat,inuniform soils, the volume of soil wetted
dependsontheapplicationrate and the amountof

Figure 7-69 Soilwetted patternsfor watervolumesof12
s oallonseach,appliedatthreeratestoadry
sandy soil
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water applied, at least until the drainage component
takes over (irrigation length exceeding the ability of
the soil to move water by capillary action). The 1:1line
infigure 7-70alsoshowsthatforthe 1and 2gallons
perhouremitters, theratioof the vertical tothe hori-
zontal component is always less than one implying
that water is moving horizontally more than vertically;
however,in the case of the 4 gallons per hour emitter,
the first three measurements are the only time when
theratioislessthanone,implyingthatfortheother
three points, the water is draining. Thus, to avoid
water moving past the rootzone, short and frequent ap-
plicationsshouldberecommended tominimize deep
percolationlosses, recognizing thatintheprocessthe
emitter may wet a smaller volume of soil, much of it
being dependent on the soil texture and the infiltration
rateofthe soil. The other observationisthatthe wet-
ting patternforthe 1 and 2 gallonsperhouremitteris
nearly hemispherical, as shown in fig. 7-69.

Whenthisiscomparedtoasubsurface drip system
several differences become readily apparent. Ben-Ash-
erand Phene (1993) and Phene and Phene (1987) have
simulated soil wetting patterns and have shown that
with an homogeneous soil and for a given discharge
rateofwater:

The spherical volume of a moist clay loam soil is
approximately 46 percent larger for the SDI sys-
tem than the hemispherical volume wetted with a
similar DIsystem.

* The corresponding wetted surface area available
forrootuptakeis 62 percentlargerinthe SDI
systemthaninthe DIsystem (excludingthesoil
surface in the surface drip pattern.

Thewetted soilradiusis 10 percentshorterin
the SDI than in the DI system (fig. 7-71).

The implications of figure 7—71 are that under similar
irrigation conditions:

* Thewetted soil volumein the SDI system will be
atalowerwatercontentthaninthe DIsystem
and the leaching potential will be lowered.

* Thesurface areaof soil available for root uptake
of waterand nutrientswillbeincreasedinthe
SDI system.

* The shorter wetted radius in the SDI system
willallow closeremitter spacingthaninthe DI
system, resulting in potentially improved wetted
uniformity.
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Figure 7-70 Relationship between vertical and horizontal water movement in a dry sandy soil
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Figure 7-721llustrates soil wetted patterns generated
in a Panoche clay loam soil planted to acala cotton by
a DI (top) and a SDI (bottom) system with discharge
rateof 2 L/hundersteady state conditionsofhigh-
frequency, 1-hour irrigation period (Phene and Phene
1987).

Spray emitters wet a relatively large surface of soil.
They are often used instead of drip emitters on coarse-
textured homogeneoussoilson which manydrip
emitters would berequired to wet a sufficient soil
volume. Spray emitters, on the other hand, are subject
to evaporation, and they increase humidity and may
promote diseases such as Phytophtora and Alternaria.

Figure 7-73 compares wetting patterns and areas wet-
ted under drip and spray emitters. Water moves out
laterally from the wetted surface area under a spray
emitter, similarly to the movement observed for the
pointsource emitter. Most soilshavelayers of various
densities, textures, or both. Generally, soil stratifica-
tionimpedesthe downward movementofwateracross
theinterface of twosoil strata,regardlessoftheirrela-
tive texture or density (for different reasons). Figure
7—68 shows the expected wetting patterns in a strati-
fied soil. However, assuming large wetting pattern
values without performing field tests (as described

earlier) is risky. With many differences in the texture
and density of the soil layers, the wetting pattern may
betwice aslarge asthe values given for alayered
soilintable 7-14,butthiscanonlybe determined by
actualfield checks. Table 7—14 should be used only for
estimation. Values of A greater than those given for
uniform texture and low-density conditions should be
used with cautionuntilthey arecheckedinthefield.

Table 7-14 gives estimates of A_ata depth of about
6to 12inches (0.15to 0.30 m) in soils of various tex-
tures. Thetablevaluesarebased onacommonemitter
flow rate of 1.0 gallons per hour (3.785 L/h) for daily
or every-other-day irrigations; the rate of application
slightly exceedstherateofconsumptive use. Theesti-
mated A isgivenasarectanglewiththe wetted width
(S‘) equal to the maximum expected diameter of the
wetted circle and the optimum emitter spacing (S))
equal to 80 percent of that diameter. This emitter spac-
ing gives a reasonably uniform and continuous wetted
strip. Multiplying S_by S givesaboutthesamearea
as,thatofacircular wetted area. However,the depth
of the wetting pattern is of greater importance than
the wetted surface areabecauseofthe variousvari-
ables that impede the infiltration of water in soil and
the majority oftheroot systemthatisusuallylocated
deeperthan 6to 12inches (0.15t00.30 m).

Figure 7-72 Soilwetted patterns generatedinaPanocheclayloamsoil planted toacalacotton
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Figure 7-73 Idealized wetting patterns in a homogeneous, fine, sandy soil under a drip and a spray emitter
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Table 7-14

Estimatesof area (AW) Y wetted in various soils

Kind of soil layers

Soil or root

Homogeneous

Varying layers, generally low density

Varying layers, generally medium

depthand density ¥
soil texture ¥

$'xS = A vgftz)(cmz) $'xS =A vgftz)(cmz) $'xS = A gft2)(cm2)
Depth 2.5ft 76cm 2.51t 76cm 2.51t 76cm
Coarse 1.2x1.5=1.8 | 37x46=1,702 2.0x2.5=5.0 | 61x276=4,645 2.8x3.5=9.8 | 85x107=9104
Medium 2.4x3.0=7.2 | 73x91=6643 3.2x4.0=12.8 | 98x122=11,892 | 4.0x5.0=20.0 | 122x152=18,581
Fine 2.8x3.5=9.8 | 85x107=9,104 | 4.0x5.0=20.0 | 122x152=18581 | 4.8x6.0=28.8 | 146x183=26,756
Depth 5ft 152 cm 5ft 152 cm 51t 152 cm
Coarse 2.0x2.5=5.0 | 61x76=4,695 3.6x4.5=16.2 | 110x137=15,050 | 4.8x6.0=28.8 | 146x183=26,756
Medium 3.2x4.0=12.8 | 98x122=11,892 | 5.6x7.2=39.2 | 171x219=37,459 | 7.2x9.0=64.8 | 219x274=60,201
Fine 4.0x5.0=20.0 | 122x152=18,591 | 5.2x6.2=33.8 | 158x198=31,401 | 6.4x8.0=51.2 | 195x244=47,566

1 Basedonanemitterflowrateof 1 gallon perhour(3.785L), the estimated A . isgivenas arectangle with the wetted width (Sv) equaltothe
maximum expected diameter of the wetted circle and the optimum emitter spacing (S ) equal to 80 percent of that diameter.

2 Mostsoilsarelayered. Asused here, “varyinglayersoflow density” refers torelatively uniform texture but with some particleorientation,
some compaction layering, or both that gives higher horizontal than vertical permeability; “varying layers of medium density” refers to
changes in texture with depth as well as particle orientation and moderate compaction.

3 Coarseincludescoarsetomedium sands, medium includes loamy sands toloams, and fineincludes sandy clay loam toclays (if clays are
cracked, treat as coarse to medium soils).

4 For soils with varying layers and high density, the A may be larger than the values shown.
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(d) Percent area wetted

The percent area wetted (P‘z isthe average horizontal
area wetted in the top 6 to 12inches (0.15t00.30 m)
of the rootzone as a percentage of the total crop area.
For a DI system with straight laterals of single drip
emitters and emitterspacing (S) equaltoorlessthan

optimum emitterspacing (S )theP canbecomputed

by equation 7-8. ’ "
eSS
P = — ¥ x 100
P (eq.7-8)
where:
P_ =percentareawetter (%)
S =spacingbetween emittersonalateral, ft (m)

S° =widthofthe strip that would be wetted by

w

emittersonalateral at a spacingof S "or
closer, ft (m)

SlD =plant spacing in the row, ft (m)

S, =plantrow spacing, ft (m)

On sloping fields, the wetting pattern is distorted along
the downslope direction. On steep fields, this distor-
tion can be extreme, with as much as 90 percent of the
patternonthedownslopeside. Theactualareawetted
willbe similartothatonflatground, butthedistortion
should be considered in the vertical direction of the
pattern and the placement of emission points.

For DI systems with straight laterals of single drip
emitters where S_1is greater than the optimum emitter
spacing (Se') (80% of the wetted diameter, feet), S in
equation 7-8 mustbereplacedby S . For DIsystems
with double laterals or zigzag, pigtail, or multiexit lay-
out, the P,canbe computed by equation 7-9.

_eSi(S1+8,)

2(SpSr x100

w

(eq.7-9)

ere: . . .
h =optimum emitter spacing, ft (m)

e

Fordoublelaterals,thetwolaterals should be placed
apartatadistanceequaltoS . Thisspacinggivesthe
greatestA andleavesnoextensivedryareasbetween
the double lateral lines. For the greatest A_ withzig-
zag, pigtail, and multiexit layouts, the emission points
shouldbe placed at a distance equal toS_"in each
direction.Ifthelayoutisnotdesigned for maximum

wettingand S lessthan S/, then S in equation 7-9
should be replaced by S,

ForaMIsystem with spray emitters, P ,canbecom-
puted by equation 7-10.

erAs +( S;xPS)]

| 5
v SpS:

x100

(eq. 7-10)

where:

A = estimate of the soil surface area wetted per
sprayerfromfieldtests with afew sprayers,
ft* (m?)

P, = perimeter of the area directly wetted by the
testsprayers, ft (m)

1/2 Se'= halfthe S “values for homogeneous soils

(table 7—f4), ft (m)

No single accurate minimum value for the P of vari-
ous soils has been determined. However, systems
designed with high P_ valuesprovide morestored wa-
terandareeasiertoschedule, which contradictsthe
primary MI objective of maintaining a small soil vol-
umeatnearconstant soil moisture. For widely spaced
crops, such asvines, bushes, andtrees, areasonable
design objectiveis to wet atleast athird andup toa
halfofthe horizontal cross-sectional area of theroot
system. In areas that receive supplemental rainfall, de-
signsthatwetlessthanathird ofthehorizontal cross-
sectional area of the root system may be adequate for
medium- and heavy-textured soils, Wetting should be
kept below 50 or 60 percent in widely spaced crops to
keepthesurfaceareabetween rowsrelatively dry for
cultural practices and reduce evaporation losses. Capi-
SR R B alhe
crops with rows spaced less than 6 feet (1.83 m) apart,
the P may approach 100 percent.

A relationship may exist between potential produc-

tionand P for systems providing full plant water
requirements, but currently data are too few to enable
plotting specific curvesfor potential crop production
versusP .
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(e) Managing irrigation water require-
ments

Indetermining the depth or quantity of water tobe
applied ateachirrigation and the frequency of irri-
gation, the concept of management-allowed deficit,
the amount of plant canopies, the average peak daily
evapotranspiration rate, and the application efficiency
ofthelow quarter of the area should be considered.
The management allowed deficit (MAD) is the desired
soil moisture deficit (SMD) at the time of irrigation;
the SMDisthe differencebetweenfield capacity and
the actual moisture available at any given time.

The MADisexpressed asapercentageofthe avail-
able water-holding capacity of the soil or as the cor-
responding SMD related to the desired soil moisture
stress for the crop-soil-water-weather system. Irriga-
tionby sprinklerorflood systemsisnormallycarried
out when the SMD equals the MAD. With drip irriga-
tion, the SMD is kept small between irrigation. In arid
areas, irrigation usually replaces the small SMD. In
humid areas, however, irrigation should replace less
than 100 percentofthe SMD to provide soil capacity
for storing moisture from rainfall.

Theplantcanopyistheareaofland surface shadedin
which the vegetation intercepts radiation rays.

The application efficiency of the low quarter (F1q) isthe
ratio of the average low-quarter depth of irriga-
tionwaterinfiltrated and storedintherootzone, or
required for leaching, to the average depth of irrigation
water applied. The average low-quarter depth infil-
tratedisthe average of the lowest fourth of measured
or estimated values, each representing an equal area

of the field. When the average low-quarter depth of
irrigation water infiltrated is equal to or less than the
SMD plus leaching requirements and minor losses are
negligible, the E, isequal to the field uniformity coef
ficient. The average seasonal Elq is the seasonal irriga-
tion efficiency.

() Maximum net depth of water applica-
tion

The maximum net depth of application (F_)isthe
depth of waterneeded toreplace the SMD whenitis
equaltothe MAD.TheF  iscomputedasadepthover
the whole crop area and not just the A ; however, the
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percentage P, mustbe takenintoaccount. Thus, for
MIsystems, F_canbecomputedbyequation7-11.

F,, = (MAD)WHORZD)(P,) (0 7.1

where:

F = maximumdepthofapplication, in, (m)
MAD = percentage of managementallowed deficit
WHC = water-holding capacity of the soil, in/ft (m/m)
RZD = depthofthesoiloccupied by plantroots, ft (m)

PW = percent area wetted

(g) Evapotranspiration rate

Many equations have been used to estimate crop water
usebasedonclimaticdata (Howelland Meron 2006).
NRCS procedures for calculating water use are found
in NEH623.02, Irrigation Water Requirements. Chapter
2 recommends using the Penman-Monteith equation,
which uses evapotranspiriation from a reference crop
(ETO) and modifies it for the specific crop by use of a
crop coefficient (KC).

The crop evapotranspiration (ET) estimates for DI

and SDIdesignscanbeexpressedintermsofaverage

peakdaily ET,inchesper day for the month of great-

estwateruse by multlplylng%]T byK for specific

crops. Crop coefficients for various crops are given in

FAO-56(Allen et al. 1998) and NEH623.02. Equation

7—12a can be used to calculate the daily evapotranspi-

ration using the calculated ET';
ET =ET, xK, (eq. 7-12a)

where!

Et =crop evapotranspiration rate, in/d, (mm/d)

ET =referenceevapotranspiration, shortcrop,

(grass),in/d, (mm/d)
K = crop coefficient for specific crop

Under well-managed DI, nonbeneficial use of water
(drainage in excess of leaching requirement, non-
reusedrunoff) isreduced toa minimum and nearly
eliminated with SDI (Phene et al. 1991). Transpiration
by the crop plants accounts for practically all the wa-
ter consumed. The consumptive use estimates devel-
oped from procedures in NEH623.02 require modifica-
tion for drip irrigation design. The modification is a
function of the conventionally computed evapotrans-
piration rate, frequency of wetting, and the wetted
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area. Amore detailed description of this process may
be found in NEH623.0204, Crop coefficients. Once the
crop reaches full canopy, the crop is considered to use
fullET andnolongerneeds modification.

(h) Seasonal evapotranspiration rate

The seasonal evapotranspiration rate (ET) can be
computedbysummingup ET inequation 7-12bfor
the whole cropping season.

Harvest
ET = ¥ KET,
Planting (eq 7_1 2b)

where:
ET, = seasonal evapotranspiriation, in/yr, (mm/yr)

Additional information on computing ET_are found in
the procedures described in NEH623.02

(i) Net depth of application

The net depth of application (Fn) for DI and SDI sys-
temsis the net amount of moisture to be replaced at
each irrigation to meet the ET requirements. Nor-
mally, Fn islessthanorequal fothe an. Iflessthan an
is applied per irrigation, then F_ can be computed by
equation 7-13.

F, = BTl (eq. 7-13)

where:

F  =netdepthof application,in (mm)

ET =peakdaily evapotranspirationrateforthema-
ture crop, in/d (mm/d)

[, =maximum allowableirrigation interval, days

() Gross water application

The gross amount of water tobe applied at each ir-
rigation, (Fg), includessufficient watertocompensate
for the system nonuniformity and unavoidable losses

and to provide for salt leaching. The peak-use-period
transpiration ratio (TR), the emission uniformity, and

the leaching requirement ratio are included in F . The
’1‘R1s theratiootthe average Ui)’l‘c) to the total water
applied. Values of T,, to compensate for unavoidable
deep percolationlosses are (table 7—15):

* T, isequalto 1 for crops with roots deeper than
5feet (1.52 m) in all soils except very porous
gravelly soils, for crops with rootzones between
2.5and 5feet (0.76 and 1.52 m) deepinfine-and
medium-textured soils, and for crops with root-
zoneslessthan 2.5feet (0.76 m) deepin fine-
textured soils.

* T, isequal to 1.05 for crops with deep root-
zonesin gravelly soils, for crops with medium
rootzones in coarse-textured (sandy) soils, and
forcrops with shallow rootzonesin medium-
textured soils.

* T,isequalto 1.10 for crops with medium root-
zonesin gravelly soils and for crops with shallow
rootzones in coarse-textured soils.

The design emission uniformity (EU) is an estimate

of the percentage of the average depth of application
required by asystem toirrigate adequately theleast wa-
tered plants. The EU can be computed by equation 7-14.

Table 7-15  Seasonal transpiration ratios for arid and
s humid regions with various soil textures and
rooting depths

Climate zone and root TR1 for indicated soil texture

depth
Very Coarse Medium Fine
course
Arid
<2.5ft(.75m) 1.15 1.10 1.05
2.5t05.0ft(.67— 1.10 1.10 1.05 1.05
1.5m)
>5.0ft (1.5 m) 1.05 1.00 1.05 1.00
Humid
<2.51t(.75m) 1.35 1.25 1.15 1.10
2.5t05.0ft(.67— 1.25 1.20 1.10 1.05
1.5m)
>5.0ft (1.5m) 1.20 1.10 1.05 1.00

1 Seasonaltranspirationratios (T ) are for drip emitters. For spray
R

emitters, add 0.05 to T, inhumid climates and 0.10in arid climates
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EU=10011.0- 1-27CV ) dx . 109
% Jq,

(eq. 7-14)

where:

EU = design emission uniformity, %

e =numberofemittersperplant (>1)

CV =manufacturer’scoefficient of variation

q, = minimum emitter discharge computed with the
minimum pressure using the nominal relation-
ship between emitter discharge and pressure

head, gal/h (IL/h)
q, = average emitter discharge (of all the emitters
under consideration), gal/h (L/h)

Theleachingrequirementratio(I,)isdescribedlater.

The gross amount of water tobe applied at each ir-
rigation, Fg, canbecomputedbyequation 7-15aand
7-15b.When T >1/(1.0-LR) or LR<0.1, the Fg canbe
computed by equation 7—15a.

(FnTr

F =
* (EU
100

(eq. 7-15a)

when T, <1/(1.0-LR) and LR > 0.1, the Fg can be com-
puted by equation 7—15b.

F

ngExﬁiLR)

100 ‘ (eq. 7-15b)

where:
Fg =gross application,in (mm)
F  =netdepthofwaterapplication,in (mm)

EU = emission uniformity coefficient, %
LR =leachingratio

The grossvolumeof water required fpe]f plan‘%})er day,
emitter

)’ isavalueusedinthedesigno owrate;
gp!

F( e in gallons per day, can be computed by equation
8P

7-16.

FSSFW
F =K|_» ¢
N

(eq. 7-16)

where:
= gross volume per day, gal/d,(m”/d)
(&pd)
K~ =0.623for English units, (1.0 for Metric units)
S, = plantspacing, ft (m)
S. = plantrow spacing, ft (m)
L = maximum allowable irrigation interval, d

The annual net depth of application, F w’ inch, to meet

evapotranspiration requirements may be reduced by the
effective rainfall during the growing season, (R), inch,
and residual stored soil moisture from off-season pre-
cipitation, Wg, inch. The values Re and WS are subtracted
from seasonal evapotranspiration requirements. The F
for DI can be computed by equation 7-17.

F =(ET-R -W)

(en) o0 (eq. 7-17)

where:

ET, = total seasonal crop evapotranspiration, in (mm)
F.»=annualnetdepth,in(mm)

R, =seasoneffectiveprecipitation,in (mm)

W_ =residualsoilmoisture,in(mm)

InusingF tomakeaneconomicanalysisof pump-
ingcosts, mean values for Re and WS shouldbe used.
In determining irrigation water storage, probability of
less rainfall should be analyzed.

(k) Seasonal irrigation efficiency

The seasonal transpiration (TQ and seasonal irriga-
tion efficiency (E) values are needed to determine
requirements for seasonal irrigation-water supplies
and pumping. The E_isafunctionofapplicationuni-
formity; losses from runoff, leaks, line flushing, and
drainage; unavoidable deep percolation losses caused
by wetting pattern and untimely rainfall; and losses
resulting from poor irrigation scheduling. When the
T, < 1/(1.0-LR), E canbecomputed by equation 7-18.

E=EU (eq. 7-18)
WhenT>V/ (1.0-LR) tosatisfy theleachingrequire-
ment, E canbe computed by equation 7-19.

(eq. 7-19)
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where: (n) Plant response

E, =seasonalirrigation efficiency, %
LR =leachingratio
EU = emission uniformity, %

The T, represents the minimum excess amount of
waterthat mustbe applied tooffset unavoidable deep
percolationlosses. Suchlossesare due tountimely
rains,leakagefromthe soil, orboth while enough
waterismoving horizontally. Localvaluesof T, deter-
mined by field experience should be usedifavailable;
otherwise, with good system design and scheduling,
usethe T, values givenin table 7-15. The higher T
values given for humid areas account for untimely
rainfall.

() Gross seasonal depth of
application
The gross seasonal depth of application (F ) canbe
sg

s

computed by equation 7-20.
F

:FS — an
‘ Es(l_LRt) (eq. 7-20)

where:

FSg =gross seasonalapplication depth,in (mm)
F  =annualnetdepthofapplication,in (mm)
E, =seasonalirrigation efficiency, %

LR =leaching requirement ratio

(m) Gross seasonal volume

The gross seasonal volume (V? ofirrigation waterre-
quiredfor acreage under a MI system canbecomputed
by equation 7-21.

F (A
V sg( )E

" K(1-LR) -
100 (eq. 7-21)

where:

V., =grossseasonalvolume,acre-ft(ha—m)

K =12for Englishunits (1,000 for metricunits)
F_ =annualgrossdepthofapplication,in (mm)

A =areaunderthesystem,acre (ha)

Plant response results for MI-irrigated crops are ex-
tremely abundant and generally positive when com-
pared to all conventional irrigation methods (Ameri-
can Society of Agricultural Engineers 1995). Crop
yields and quality of crops irrigated by MI systems are
usually higher than those obtained by other methods
of irrigation (Phene 1995). Orchards and vineyards
that have been irrigated by sprinkler or surface ir-
rigation methods canbe converted to DI or SDI. The
root systems of most trees and vines will adapt to the
smaller wetted areain afew weeks. Thus, the conver-
sion should be made just before or during the low use
ordormantseason;therootsystemwillthenhavetime
toadapt with little shock before the peak use period.
Conversions made during the peak Et period should
slowly change from the old system to the MI system

because an abrupt transition can severely stress a
mature orchard. In young orchards, conversions can
bemadeatanytime. Ifthereissufficient precipita-
tion to wet the soil a few feet deep, plant roots will
extend beyond the MI-irrigated area. This root activity
isimportant;itmayaccountforasignificantamountof
the water and nutrient uptake. There is little evidence
thatrootanchorageisaproblemunder MI where Pw
1s greater than or equal to 33 percent, but in high-wind
areas, any root extension that resulted from natural
precipitation would be helpful.

(o) Irrigation scheduling

Irrigation scheduling is a process to determine when
toirrigate and how much water to apply based upon
measurements orestimates of soil moisture or crop
water used by the plant. Irrigation scheduling is an
integral part of irrigation water management. It is
described in depthin NEH652.0903. Irrigating with a
microirrigation system can result in less water being
applied to the crop than with other irrigation systems
because:

lessdeep percolation and runoff willincreasethe
application efficiency

+ decreasedsurfacewettingwill resultinlesssoil
evaporation

Irrigation scheduling with a microirrigation system
often differs from scheduling with other irrigation
systems. In other types of irrigation systems, the soil

- (210-VI-NEH, October 2013)



Chapter 7 Microirrigation

Part 623
National Engineering Handbook

moisture contentisallowed to decrease, often sig-
nificantly, between irrigations. With a microirrigation
system, thesoilmoisturecanbekeptatavirtually
constantlevel.Irrigationscanoccurdaily,oreven
several times a day. By irrigating several times a day
(high-frequency irrigation (HFI)), there is a higher
probability of applying the correct amountofwater.

In fields where salinity is a significant factor, small
amountsofrainfallcan pushsaltsintotherootzone.
Consideration ofthecombined effectsof rainfall and
salinity must be included in any irrigation schedule for
microirrigation. This is described in more detail in the
section on salinity.

(p) Optimum soil moisture levels

Optimum soil water levels can be maintained with a
well-designed and managed MI system. Under frequent
irrigation (and good management), the plant roots un-
dergolittle shock or stressfromirrigation, and the soil
water holding capacity isnot exceeded. Theroots can
seek and remain in a constant favorable water and nu-
trient environment. It is important to wet a relatively
large partofthe potential root system to ensure some
degree of safety (moisture reserve) in case of tempo-
rary system failure. Alarge volume of moist soilis not
necessarytopromoterootextensionand wateruptake
aslongasanadequate amountofwaterisprovided as
the plants useit.

The performance of DI and SDI systems improves
withtheuse of HFI scheduling (especially on coarse-
texture) soils. This allows the frequent replacement
of water used by evapotranspiration, helps maintain
asmallvolume of soil at nearly constant soil matrix
potential, and minimizes plant water stress.

(g) Soil salinity control

Allirrigation water contains some dissolved salts,
whichareusuallypushed towardthefringesofthe
wetted soil mass during the irrigation season (fig. 7—
12). Salt accumulation results from evaporation at the
soil surface and plant water uptake that excludes some
salts. Because MI does not wet the whole soil profile,
the salt accumulation process can be magnified rapidly
when low-quality water is used. By applying more
water than the plants consume (leaching), most of the
soluble salts can be leached below or pushed

outside the rootzone. In arid and semiarid regions, it
issomewhat difficult toavoid having some areas of
salt accumulation. Leaching is absolutely necessary to
achieve long-term successful irrigation (Hoffman et al.
1990). As the salinity of the irrigation water increases
orif more sensitive crops are grown, leaching mustbe
increased to maintain crop yields.

With MI, the most critical zones of salt accumulation
arealongthefringesof the wetted front (fig. 7-73). A
light rain can leach these accumulated salts down into
thezone ofextensiverootactivity and, thereby, se-
verely injure plants. To minimize this hazard, operate
the MI system during rainy periods to prevent accumu-
lated saltsfrom being washed back into the rootzone
By operating the system continually, salts are leached
down and out of the rootzone. Ifrainfallis less than

6 to 10 inches per year (0.15-0.25 m/y), supplemental
applications by sprinkler or surface irrigation may
benecessary topreventcriticallevelsofsaltbuildup.
Supplemental applications are especially important
where irrigation water is saline or where annual crops
maybeplantedinthesalty fringe areasof previous
years’ wetted patterns.

(r) Crop tolerance and yield

MI affordsaconvenient and efficient method for
frequent irrigation that usually does not wet the plant
leaves (except for microjet and microsprinklerused
with agronomic crops). Applying frequent light irriga-
tionskeepsthesaltconcentrationinthesoil solution
to a minimum. Daily applications and sufficient leach-
ingkeepthesaltconcentrationsinthesoilwaterat
almost the same level as that of the irrigation water.
Thisoccursbecausethereislittledryingandsalt
concentration between irrigations; therefore, the salts
remain diluted. With DI and SDI, when irrigations are
infrequent and the soil dries out, the salt concentra-
tionincreases quicklybecauseofthe small wetted soil
volume.

Withadequatewater qualityand nutrient management,
yieldswithDIand SDIareequaltoorbetterthan
those with other methods under comparable condi-
tions. With poor-quality water, yields are potentially
betterwith DIand SDIbecause ofthe continuoushigh
moisture content and frequent replenishment of water
lost by ET, Frequent sprinkler irrigation might give
similar results, but continuous wetting and drying with
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saline water eventually causes leaf burn and defolia-
tion of sensitive plants.

Knowledge ofthe electrical conductivity of theirriga-
tion water (EC ), dS/m (1 dS/m p1 mmhos/cm), and
the electrical conductivity of the saturated soil extract
(EC) dS/m,isuseful in determining crop tolerance to
an irrigation water. The minimum (min) and maximum
(max) EC are useful in estimating leaching require-
ments under MI. The min EC _is the maximum concen-
tration of salinity at which yields are unimpaired. The
max EC_isthetheoreticallevelofsalinitythatwould
reduce yield to zero. If the entire rootzone were at this
salinity, the plants would not extract water and growth
would stop. Table 7-16 gives values for min and max
EC, forvariouscrops. These values were extrapo-
latedfromtestdatathatgave0, 10,25, and 50 percent
reductions in yield.

(s) Leaching requirement

Harmful soluble salts must be removed from the crop
rootzoneinirrigated soilsifhigh crop productionis

to be sustained. However, long-term SDI experiments
toreducedrainageoutflowhaveshownthatallow-

ing saltstoaccumulate below the rootzone may not
bedetrimental toyield, aslongasthesaltsarenot
allowed toreturn totherootzoneby arising shal-

low water table (Phene et al. 1989; Phene and Ruskin
1995). In addition, high salt concentration in the lower
portion of the crop rootzone can be tolerated by some
plants by compensating for reduced water uptake from
the highly saline zone by increasing water uptake from
the low salinity zone (Shalhevet and Bernstein 1968).

In arid regions where salinity is a major problem, ad-
ditional irrigation water must be applied for leaching.
The graphical solution (fig. 7-74) relating the salinity
of the applied water and the crop salt-tolerance thresh-
old (table 7-16) canbe used as guides to determine
leaching requirement (LR) for irrigating crops with
conventional irrigation systems. For example, with
water havingan EC_=1.0and a spinach crop witha
salt-tolerance threshold of2.0dS/m, the LR should be
0.10.

Figure 7-74isbased on a steady state saltbalanceor,
in popular terminology, “what goes in must come out,
andnothing comesfrominbetween.” Thecalculated

Table 7-16 Minimum (min.) and maximum (max.) values
= f c]ectrical conductivity of soil extract (E CC)

for various crops

Crop EC, Crop EC,

(mmhos/cm) (mmhos/cm)

M. Max. Min. Max.
Field crops
Barley 8.0 28 Corn 1.7 10
Cotton 7.7 27 Flax 1.7 10
Sugar beet 7.0 24 Broad bean 1.6 12
Wheat 6.0 20 Cowpea 4.9 8.5
Sorghum 6.8 18 Bean 1.0 6.5
Fruit and nut crops
Datepalm 4.0 32 Apricot 1.6 6
Fig, olive 2.7 14 Grape 1.5 12
Pomegranate 2.7 14 Almond 1.5 7
Grapefruit 1.8 8 Plum 1.5 7
Orange 1.7 8 Blackberry 1.5 6
Lemon 1.7 8 Boysenberry 1.5 6
Apple, pear 1.7 8 Avocado 1.3 6
Walnut 1.7 8 Raspberry 1.0 5.5
Peach 41.7 6.5 Strawberry 1.5 4
Vegetable crops
Beets 4.0 15 Sweetcorn 1.7 10
Broccoli 2.8 13.5 Sweet potato 2.5 10.5
Tomato 0.9 12.5 Pepper 1.7 8.5
Cucumber 1.1 10 Lettuce 1.7 9
Cantaloupe 2.2 16 Radish 2.0 9
Spinach 3.2 15 Onion 1.2 7.5
Cabbage 1.0 12 Carrot 1.0 8
Potato 1.7 10 Bean 1.0 6.5
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value of LR represents the minimum amount of water
(intermsofa fraction of the applied water) that must
pass through the rootzone to prevent salt buildup.
When steady state salinity is achieved, the mean root-
zone EC_ willbeequal to EC , The actual LR, however,
can be determined only by monitoring soil salinity.

The LR for a high-frequency system like M1 is less
restricting because the soil moisture remains rela-
tively high. For relatively good quality water, LR will
beverysmallanddifficulttoapplyaccuratelysothat
itmaybe preferable to apply theleaching wateron
an annual or semiannual basis (if more information is
needed, consult NEH623.02 or the US Salinity Labora-
tory). Salts that accumulate below the emitters can
be flushed down continuously by frequent irrigations.
Ifthe LR ratio is more than 0.1, the daily irrigations
should include enough extra water to maintain a slight
but nearly continuous downward movement of water
tocontrolthesalts.

Another method of estimating LR is using the equa-
tionsand graph developed by Rhoades (Rhoadesand
Loveday 1990). For microirrigation, the high-frequency
equation andcurve would normallybeused. LR canbe
calculated using the relationships of crop salt toler-
ance and irrigation water salinity as shown in equa-
tions 7-22 and 7-23. Figure 7-751s a graphical solution
of these equations.

Figure 7-74 Leaching requirement (LR) as a function of

s the salinity of the applied water and the salt-
tolerantthresholdvalueofthecrop (adapted
from Hoffman and Van Genuchten 1983)

s ot o

N W

[y

LRt=Leachingrequirement I

Crop salt tolerance leaching value
(dS/m)

0 1 2 3 4 5 6
Salinity of applied water (dS/m)

Salt tolerance of (:1"0p(ECt )

'

c

~ Electrical conductive of irrigation water (ECW)

(eq. 7-22)
High-frequency irrigation:
0.1794
L =
N Mo (eq. 7-23)

Complete uniformity of leaching is assumed in this
type of assessment of the leaching requirement. In
actuality, such uniformity is seldom attained in field
practice, and specific allowance should be made for
eachfactorthatcauseslessthanperfectefficiency.

Figure 7-75 Relationship between permissible average

s concentration factor for the rootzone (F’
and the leaching requirement (LR) (adapted
from Rhoades and Loveday 1990)
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(t) Drainage disposal systems

Depending on the region under consideration, drain-
age may be practiced in humid areas to remove or
control excess ground water to improve trafficability
orcrop management. Inarid areas,itisusedtocon-
trol salinity. This section only relates to the control of
salinity in arid and semiarid regions.

The collection and disposal of drainage flows from
irrigation and rainfall is an important long-term man-
agement consideration in irrigated areas in terms of
farm profitability, crop health, and overall water qual-
ity on and off the farm. Irrigation drainage includes
surfacerunoffand deep percolationfrom precipita-
tion and applied water. Under normal MI operating
conditions, surface runoff and excessive percolation
during irrigation does not usually occur. However, in
arid and semiarid areas, periodic preseason flooding of
fields maybenecessary toleach accumulated salts
fromtherootzone. This practice may contribute to a
perchedsalinewatertablethat mayproduceaneed
for engineered drainage systems. Drainage from irriga-
tionisoftencollected from drainlateralsand reused
several times with drip irrigation of increasingly salt
tolerant crops such as cotton, asparagus, barley, and
sugar beets (Ayars et al. 1986; Rhoades 1984, 1987, and
1989). Drainage disposal problems are complicated
bythe presence of toxic metal elements that accumu-
latein the food chain such ascadmium (Cd), mercury
(Hg),lead (Pb), and Selenium (Se). Theseelements
areoftenpresentintheirstableforminsoilsoriginat-
ing from marine deposits, but tend to be oxidized to
their soluble form with repeated irrigation. Drainage
1sanecessary componenteven with drip systems
andmustbeevaluatedonacase-by-casebasis. Care
should be also taken to check with State and local
officials concerning regulations dealing with drainage
water disposal and reuse.

(u) Frost protection

Therearethree methodsoffrost protection:undertree
or canopy, overhead, and targeted. For undercanopy
frost protection, the microsprinklers are used under
thecrop;thisreducestheradiative heatlossfromthe
soil surface. As the water freezes, additional heat is
releasedasthewaterchangesstate (heatoffusion=80
cal/g of water or 335.2 J/g of water). The efficacy of
frost protection depends onthe amountofapplied

water (heat capacity of water=1cal/g/°Cor 4.19J/g/
°(C), the application rate of the system (minimum=1.0
in/hor2.5mm/h), evaporationrate, the dew point, and
start-up temperatures.

Withoverhead frost protection, a thin film of wateris
keptoverthetargeted plant. Asthinlayersoficeform,
the heatisreleased by the process (80 cal/g of water
or 335.2 J/g of water). Aslong as the surface of the ice
is kept wet, the ambient temperature near the leaf will
not decrease below freezing. The minimum application
rate of water needed to maintain this quasi-temper-
ature equilibrium is 0.1 inches per hour (2.5 mm/h),
assuming a highly uniform system.

For targeted frost protection, microsprinklers are
placed within the targeted plant canopy. Similar to the
overhead system, aswaterfreezes, the heatoffusion
isreleased protecting the plant canopyaslongaswa-
ter continues to be applied keeping theice wet. This
strategy reduces the required application rate of water
allowing more acreage tobe protected. However, this
methodisnotrecommended for young treesbecause
weightoftheice may causelimbbreakage.
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623.0711 Design procedures

Astep-by-step procedureisnormallyfollowedinde-
signing a MI system. In MI, water, nutrients, and chem-
icalsaretransportedinapipe network tothe points
where the solution infiltrates the soil. The primary
objective of good MI system designistoadequately
irrigate and fertigate the least-irrigated plant. Unifor-
mity of application depends on the emitter discharge
uniformity. Nonuniform discharge may be caused by
pressure differences resulting from friction loss and
elevation, by emitter variation within manufacturing
tolerances, and by clogging or wearing out of emitter
parts. With SDI systems, back pressure exerted by the
soil surrounding the emitter may be responsible for
lossof dischargerate of water and chemicals dis-
solvedinthe water.

(a) Design criteria
Some important system design criteria that affect ef-
ficiency and performance of MI systems are:
+ efficiency of filtration
+ permitted variations of pressure head
base operating pressure used
degree of flow or pressure control used

relationship between discharge and pressure at
the pump or hydrant supplying the system

allowance for temperature correlation for long-
path emitters

chemical treatment to dissolve mineral deposits
useofsecondary safety screening
* incorporation of flow monitoring

+ allowance forreserve system capacity or pres-
sure to compensate for reduced flow from clog-

ging

Achecklistof proceduresin designing a MI system fol-
lows. Some of the steps are described in other chap-
ters of NEH623, NEHG652, and/or in earlier sections of
thischapter.

+ Inventory available resources and operating
conditions. Include information on soils, detailed
topographic field map, water supply, power
source, crops, and operator’s objectives follow-
inginstructions in Chapter 3, Planning Farm
Irrigation Systems.

* Determine water requirements to be met with
a MI system, as described in Soil-Plant-Water
Considerations.

* Determine appropriate type of MI system.
+ Select and design emitters.

+ Determine capacity requirements of the MI
system.

* Determine appropriate filter system for site con-
ditions and selected emitter.

* Determine required sizes of mainline pipe, mani-
fold, and lateral lines.

* Check pipe sizes for power economy.

* Determine maximum and minimum operating
flow rates and pressures.

+ Select pump and power unitfor maximum op-
erating efficiency within the range of operating
conditions.

Determine requirements for chemical fertilizer
equipment.

* Prepare drawings; specifications; cost estimates;
schedules; and instructions for proper layout,
operation, and maintenance.

(b) Emitter hydraulics

Ageneralknowledgeoftheemitterdesignandoperat-
ing theory for the various pressure dissipation meth-
odshelpsinselecting anemitter. Most emitterscanbe
classified hydraulically as long-path, laminar flow emit-
ters, small-diameter orifice emitters, vortex emitters,
porous tubes or tapes, pressure compensating emit-
ters (PC), and recently, antisiphon, nonleak, pressure
compensating emitters (CNL—PC). Emitters are used
to dissipate the water pressure from the laterals.

The hydraulic characteristics of an emitter are related
tothe mode of fluid motion inside the emitter flow
path and are characterized by the Reynolds number
(Re). Also, all emission devices regulate water flow by
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energy dissipation through frictional resistance in their

flow path according to the flow formula:
q=K,(h) (eq. 7-24)

where:

q =emitterflowrate,gal/h(L/h)

K, =flowcoefficient,aproportionalityfactorthat
characterizes the dimensions of the emitter

flow path

h =operatingpressurehead, ft (m)

x = emitter flow rate exponent, which character-
1zestheflow regime

In general, the values of K andxareavailablefrom
themanufacturer,ortheycanbecalculated by plotting
qversushonalog-logscale. The slope of the straight
lineis x, and theintercept at H=1is K . The flow coef-
ficient, K, is a proportionality factor that characterizes
the physical dimensions of the emitter flow path. The
emitter flow rate exponent, x, characterizes the flow
regime of the emitter. The lower the xis, the lower

the sensitivity to pressure variation. For instance, a
fully pressure compensated emitter wouldhavex=0,
theflowratewouldberelatively constantwithinthe
specified range of operating pressures, and the unifor-
mity of the system would be theoretically perfect. A
turbulent flow emitter wouldhavex=0.5,and alami-
nar flow emitter would have x=1.Table 7-17 gives the
varioustypesofflowregimeswith the corresponding
xvalues, associated common examples of emission
devices, and advantages and drawbacks of the design.
Various commonly used emitters and their flow equa-
tions are described.

Long-path emitters—Most of the head lossin a
smooth long-path emitter (fig. 7-55) occurs in the long-
flow-path section. The flow in this section is laminar.
Laminar flow emitters are quite sensitive to pressure
differencesinthe drip system. Thelength ofthe path
needed for arequired loss of head and a known dis-
charge for a laminar flow range in a long-path emitter
with a circular cross section can be computed by equa-
tion 7-25.

4

nhgd

1=
98.6q(v) (eq. 7-25)

where:

1. =lengthofthe flow path in the emitter, ft (m)
h =working pressure head of the emjtter, ft (m),
g =acceleration of gravity (32.2ft./s) (9.81 m/s)
d =flow cross section diameter, in (mm)

q = emitter discharge, gal/h (L/h)

v =kinematic viscosity of water, ft*/s (m®/s)

The spiral effects of flow at the entrance and other
irregularities in the long-path emitters may create
considerable turbulence. If turbulence exists, emitter
head-loss characteristics computed by equation 7-25
would notbe correct, and the emitter should be evalu-
atedasatortuous-path emitter. Someoftheearlylong-
path emitters could be opened for easy cleaning.

Tortuous-and short-path emitter—Tortuous-path
emitters have relatively long flow paths. Pressure head
lossiscaused by a combination of wall friction, sharp
bends, contractions, and expansions. Some tortuous-
path emitters look similar to ordinary long-path emit-
ters; however, their flow channel is typically shorter,
and the cross sectionislarger for the same discharge
(@).Sincetheflowregimeisalmostfully turbulent, the
gvaries more nearly with the square root of the work-
ingpressurehead (h) thanwithhitself.

Short-path emitters generally behave like orifice emit-
ters because the entrance characteristics (losses)
dominate the flow in the short-tube section. However,
many short-path emitters are pressure compensating;
this is explained under compensating emitters.

Orifice emitters—The flow in orifice emittersis fully
turbulent. Many drip and spray emitters and single-
chamberlinesourcetubingareclassified asorifice
emitters. Inanozzleororifice emitter, waterflows
through a small-diameter opening or series of open-
ings where most of the pressure head loss takes place.
The discharge of the orifice emitter (q) can be com-
puted by equation 7-26.

q=187ac_+2gh

(eq. 7-26)
where:
q =emitterflowrate,gal/h, (I/h)
a = flow cross section, in” (mm?

c, = coefficientthat dependsonthecharacteristics
of the nozzle; c, rangesfrom0.6t01.0

g =accelerationofgravity, 32.2ft/s”(9.81 m/s”)

h =working pressure head of emitter, ft (m)
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Table 7-17 Common emitter types, their flow characteristics and regulation, advantages, and disadvantages
——
Emission device Flow characteristics Flow regulation Advantages Disadvantages
types
Laminar Smooth, orderly, low- Energy dissipation ac- Simple, reliable, and Pressure sensitive, sus-
(fig. 7-55) velocity flow complished by adjusting  inexpensive ceptible to clogging and
thelength of the flow temperature
path
Turbulent Rapid flow in irregular Energy dissipation ac- Shorter and larger flow ~ More expensive than
and random motion complished by friction paththanlaminar flow laminar flow emitters
against walls and be- types and high-flow
tween fluid particles velocity. Less sensitive
to pressure variation and
temperature
Vortex Whirlpool effect creates Low pressure at the emit- Well-designed vortex Soil particlesorother

Pressure compen-
sating
(fig. 7-56)

Pressure
compensating,-
nonleak

(figs. 7-57 and
7-176)

Thinwall dripper-
lines
(fig. 7-58)

Drip tapes
(fig. 7-59)

alow pressure zone atits
center wheretheoutletis
located

Eitherlaminarorturbu-
lentflow devices

Turbulent flow devices
with nonleak property
that maintain low-pres-
sure water in the laterals

Turbulent flow with
discrete emitter provid-
ing rapid flow in random
motion

Turbulent flow with flow
inirregular and random
motion

ter outlet emits corre-
spondinglower flow

Uses the emitter inlet
pressure with an elasto-
meric disk, diaphragm or
water passage to modify
theflowpathsize,shape,
or length

Uses the emitter inlet
pressure with an elasto-
meric disk, diaphragm or
water passage to modify
theflowpathsize,shape
or length

Energy dissipation ac-
complished by friction
against emitter walls and
between fluid particles

Energy dissipation ac-
complished by friction
against tape walls and
between fluid particles

emitter is less pressure
sensitive thanaturbulent
flow emitter

Delivers relatively con-
stantflowrateovera
widerangeofinlet pres-
sures

Delivers relatively con-
stant flow rate over
awiderangeofinlet
pressures, and when inlet
pressure drops to below
4-5 psi, the orifice shuts
off maintaining water in
thelaterals and prevent-
ing soil ingestion

Less expensive than
heavy wall tubes. Has
the integrity of a discrete
emittersothattheflow
path does not collapse

Less expensive than thin-
walldripperlines

contaminants can easily
clog extremely narrow
emitter flow path

Elastic properties of elas-
tomeric materials may
change with age. Thus,
the elastomer used must
be of high quality

Elastic properties of elas-
tomeric materials may
change with age. Thus,
the elastomer used must
be of high quality

InSDIapplication, thin-
wall dripperline may col-
lapsewhentapeisempty
andreduceitsflowrate

In SDI application, flow
path may collapse when
tapeisemptyandreduce
its cross-sectional area
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Twin-chamber tubing—Most of the pressure head loss
in twin-chamber tubing (fig. 7-59) occurs in the inner
orifice. The qoftwin-chamber tubing can be computed
by equation 7-27.

q=187ac_/2g(h-h') (eq. 7-27)
where:
q =emitterflowrate,gal/h,(L/h)
a = flow cross section, in” (mm?)

c, = coefficientthatdependsonthecharacteristics
of the nozzle; ¢, ranges from0.6t01.0

g =accelerationofgravity, 32.2ft/s”(9.81 m/s”)

h =workingpressureheadoftheinner maincham-
ber, ft (m)

h” =working pressure head of the secondary cham-
ber, ft (m)

Normally, the main and secondary chambers of twin-
chamber tubing have the same diameter (although not
intheexampleinfig. 7-59), and there maybe as many
asthree to six orifices in the secondary chamber for
each orifice in the main chamber. The h” of the second-
arychambercanbecomputedbyequation 7-28.

h
h'=
1+m’ (eq. 7-28)
where:
h =workingpressureheadoftheinner maincham-
ber, ft (m)
h” =working pressure head of the secondary cham-
ber, ft (m)

m =number of orifices in the secondary chamber
perorificeinthe mainchamber

Vortex emitters and sprayers—The vortex emitter or
sprayer has an orifice containing a circular cell that
causes vertical flow. The entrance of the water tangent
totheinnerwallcausesthe watertorotaterapidly,
resultingin a vortexin the center of the cell. Conse-
quently,both theresistance ofthe flow and the head
lossaregreaterinthevortexemitterthaninasimple
orifice of the same diameter. Vortex emitterscanbe
constructed togive an approximate discharge (q),
which canbecomputedbyequation 7—29.

0.4
q=187ac, V22 (eq. 7-29)

where:

q =emitterflowrate,gal/h, (I/h)

a =flow cross section, in* (mm?)

c, = coefficient for characteristics of the orifice;
about 0.4

g =accelerationofgravity, 32.2ft/s” (9.81 m/s”)

h =working pressure head of emitter, ft (m)

Pressure compensating emitters—Pressure compen-
sating emitters (fig. 7-56) are constructed to yield a
nearly constantdischarge overawiderangeof pres-
sures. Both, long-path or short-path and orifice-type
compensating emitters are available. Orifice and tube
diameters at each given pressure should be computed
as shown, but the diameters change with pressure. An
early peculiar problem of compensating emitters was
that the resilient material may have become distorted
over aperiod of time and gradually squeezed offthe
flow, even though the pressure remained constant.
Availability of more resilient materials has minimized,
if not eliminated, this problem. The emitter discharge
(@) canbe computed by equation 7—30 for orifice and
short-tube compensating emitters.

q=187ac, J2eh (eq. 7-30)

where:

q =emitterflowrate,gal/h, (L/h)

a =flow cross section, in” (mm?

c, = coefficient for characteristics of the emitter

g =accelerationofgravity (32.2ft/s*(9.81m/s"))

h =working pressure head of emitter, ft (m)

x =dischargeexponent;variesfrom0.5t00.0,
depending onthe characteristics of the flow
section and the resilient material used

Flushing emitters—There are two types of self-flush-
ing emitters: on-off flushing and continuous flushing.
On-off-flushing emitters flush for only a few moments
each time the system starts operating, then shut off.
This behavior is typical of the compensating type.

Continuous-flushing emitters are constructed sothat
they can eject relatively large particles during op-
eration by using a series of relatively large-diameter
flexible orifices to dissipate pressure. Particles larger
than the orifice diameter are ejected by localized
pressure buildup as they reach each flexible orifice.
In continuous-flushing emitters, the orifice is sensitive
to pressure changes, and the orifice material is sensi-
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tive to temperature. For emitters with flexible orifices
that tend to expand under pressure, an approximate
discharge (q) , gallons per hour, (L/h), can be computed
byequation 7-31.

0.7

q=18T7ac, \/;g(n%)

(eq. 7-31)
where:
a =flow cross section, in” (mm?)
¢ =coefficientthatdependsonthecharacteristics

ofthe orifice; rangesfrom 0.6to 1.0
g =accelerationof gravity (32.2ft/s”)
h =working pressure head of emitter, ft (m)
m” =number of orifices in seriesin the emitter

For continuous-flushing emitters that have a series of
rigidorifices, gcanbecomputed by equation 7-32.

q=187ac h
q ZgE
where:

a = flow cross section, in” (mm?)

c, = coefficientthat dependsonthecharacteristics
ofthe orifice; rangesfrom 0.6 to 1.0

g =accelerationofgravity, 32.2ft/s”(9.81 m/s”)

h =working pressure head of emitter, ft (m)

m’~ =number of orifices in series in the emitter

(eq. 7-32)

Pressure compensating nonleak (PC—CNL) emit-
ters—Theincreasinguseof SDIposed additional
emitter requirements that resulted in the introduction
of PC-CNLtechnology.SDIissubjecttorootintrusion
and soil ingestion during hydraulic vacuum conditions
(system turn off, undulating terrain, entrapped air) and
isusually operated at high-irrigation frequency. The
following features would typically be found in the new
emitter design:

» Antivacuum mechanism—A built-in antivacuum
mechanism prevents ingestion of soil particles
into the dripperline, providing a critical protec-
tionagainstemitter plugging.

» Widepressure compensating range—A wide
pressure compensating range (7-60 Ib/in®, 0.49—
4.22 kg/em®) maintains a constant uniform flow,
whichallowslongerrunsandsteepterrainstobe
irrigated with high uniformity.

» Optional nonleakage (CNL) mechanism—CNL
technology prevents system drainage when pres-
sureisturnedoffattheendofeachirrigation
cycle. CNL ensures that the lateral remains full
providing uniform water distribution during high-
frequency irrigation.

e Rootintrusion barrier—Barrier preventsroots
from penetrating the dripper's mechanism.

The specific components and features of a PC-CNL
emitter outlined are shown in figure 7-76.

Figure 7-77 shows examples of typical emitters in
usetodayand how they are grouped into the various
categories of emitters.

(c) Emitter selection criteria

Emitters dissipate the pressure in the pipe distribution
network as the water flows from the lateral emitter
lines into the atmosphere. The flow of water is driven
by static pressure from the source to the soil through
thevariouscomponentsofthe systemending with the
emitters in the field. The emitters in the field should
distribute the irrigation water uniformly to the soil
whereitisextractedbytheplantsthroughtheevapo-
transpiration process. The entire system responsible
forthedistributionof waterisshowninfigure 7—-19.
Besides providing uniform discharge, the “perfect”
emitter device should incorporate the following fea-
tures (adapted from Keller and Karmeli 1974; Boswell
1984; Howell et al. 1981):

* 1nexpensive

* easy to manufacture

*+ easy toinstall
resistant to clogging

totally pressure compensating (the flow expo-
nent X=0)

long lasting with constant performance over time
nonleak below a pressure of 5 psi
not affected by temperature and solar radiation

* reliable

* accurate
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Figure 7-76 Componentsandfeaturesofa PC—CNLemitter (courtesy of Netafim Irrigation)
|
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Figure 7-77 Common emitters in use today
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Until recently, most emission devices possessed only
a few of these attributes simultaneously. Hence, it was
necessary toconsider which of these qualities were
necessary for the specific application considered.
Often, economics were the primary factor dictating
thechoiceofemittercriteria, and complicated design
factors were used tocompensate for emitter deficien-
cies. Some site-specific applications may only require
some of these features to be economically feasible;
forexample, pressure compensation may be useful on
steep and/or undulating terrain or for very long later-
als,but maynotofferrealadvantagesinaproperly
designed MI system on moderate flat terrain with a
constant slope nearly equal to the friction loss of the
laterals with distance.

Selecting emitters requires a combination of objective
and subjective deductions. Emitter design and selec-
tion procedures require an assessment of discharge,
spacing, and the type of emitter tobe used: a discrete
emitterlateral, adripperlineortape, or a microjetor
microsprinkler. This processisone of the most critical
factorsinthe designofa Ml system. Itisnotsimply
amatter offollowing a checklist ofinstructions;it
requires the designer to reason because the various
decisions required are interrelated.

The performance, advantages, and drawbacks listed in
table 7-17 are also somewhat dependentonthe manu-
facturer, designer, and management, especially for the
long-term performance of the systems. Good design
can often compensate for emitter hydraulic limita-
tions; similarly, good irrigation system management
can enhance the long-term performance of a system.

System efficiency of MI depends on the emitter selec-
tion and the design criteria. Some emitter characteris-
ticsthataffectefficiencyare:

* discharge rate variations caused by emitter varia-
tion within manufacturing tolerances

closeness of discharge-pressure relationship to
design specifications

emitter discharge exponent
possible range of suitable operating pressures

pressurelossonlateral linescaused by the con-
nectionofemitterstothelateral

* susceptibility to clogging, siltation, or buildup of
chemical deposit

* stability of discharge-pressure relationship over a
long period

Initially, emitter selection depends on the soil, plant
water requirement, emitter discharge, water quality,
and terrain of a particularlocation. The choice of a
particular emitter should follow a detailed evaluation
that includes emitter cost and system risks. Generally,
the emitters offering the more desirable features and
lower system risks have a higher unit cost. Also tobe
evaluatedistheeffectaparticularemitterwillhaveon
the cost of the mainline and filtration system.

The choice of emitters depends not only on emitter
physical characteristics, but also on emitter place-
ment, type of operation, diameter of laterals, and user
preference. Selection requires four steps:

Step 1: Evaluate and choose the general type of
emitterthatbest meetsthe needintheareaorvol-
ume to be wetted.

Step 2: Choose the specific emitter needed to meet
the required discharge, spacing, and other planning
considerations.

Step3: Determinetheaverageemitterdischarge
(q) and pressure head (h )arequirements.

Step4: Determinetheallowable subunitpressure
head variation (AHS) for the desired emission unifor-
mity (EU).

Twoofthe mostimportantitemsinemitter selection
arethe percent area wetted (P‘z andthe emitterreli-
ability (resistance to clogging and malfunctioning).
The greaterthe P, thelonger the system can be down
oran emitter can be plugged before the plants become
excessively stressed.

A reasonable design objective is to have enough emis-
sion points to wet at least a third and up to half of the
potential horizontal cross section of the potential root
system. Thereis someinteraction between the emitter
discharge rate and area wetted per emission point; but,
thedensityof emission pointsrequiredtoobtainP
lessthan orequal to 33 percent can usually be based
onalgallonperhour(3.785L/h) emitter discharge
rate by using the procedures described under area
wetted.
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The water required for plant growth increases until the
plant reaches its peak-use growth stage. Lower initial
installation costs and water savings can be achieved by
installing the number of emitters required for each
stageofgrowth. Theinitial pipe network, however,
must be designed to meet the needs of the mature
plant.

Operating the system with less than the ultimate
number of emitters usually affects the uniformity of
application. Thebestchoiceisabalancebetween
higher installation costs and lower water-use effi-
ciency and lower installation costs, higher water-use
efficiency, and added installation costs at a later date.
Ideally, emitters should be long lasting and inexpen-
sive; discharge atarelativelylowratethatdoesnot
vary significantly between emitters because of varia-
tion within manufacturing tolerances, expected differ-
encesinpressure headresulting from frictionlossand
elevation, or expected changes in temperature; and
have relatively large passageways or be self-flushing to
reduce clogging. These goals arenot easily metinthe
designofanemitter becausetheyarecontradictory to
a certain extent.

General suitability—General emitter suitability
means how well the emitter fits into the particular
design and matches the size and water requirements of
the crop. Emission devices are available that will emit
water at individual point locations or along the length
of aline. The point source devices come with single or
multiple outlets. With more than one outlet, distribu-
tiontubingisgenerally usedtodeliverthe waterfrom
the emitter to the desired discharge location. Single-
outlet emitters can be used to water small individual
areasorcanbearrangedaroundlargerplantsto
provide dual- or multiple-outlet emission points. Dual-
outlet emitters are often used on vines, and multiple-
outlet emitters are generally used in orchards, where
each tree may require several emission points.

The cost of emittersisnot proportional tothe number
of outlets. For instance, a dual-outlet emitter is prob-
ably more expensive than an otherwise comparable
single-outlet emitter, but less expensive than two
single-outlet emitters. Thus, emitters with more outlets
are generally less expensive peroutlet. For row crops,
such as strawberries or vegetables, line source tubing
fits well with the cropping pattern because it provides
the linear wetted strip desired. Cost is especially im-
portant in row-crop drip irrigation because the density

ofthe crop requires alarge amount of line source
tubing. Emitters also can provide linear wetted strips
forrow crops. Aswell asfittingin with theintended
cropping pattern, the emitting system chosen must be
abletodelivertherightflowrateattherightpressure.
Becausetherearesomanyemission pointswithina
field, even a small difference between the actual and
desired dischargeratescanadduptoasignificant dif-
ference in pump and pipe-sizing requirements.

Sensitivity to clogging—The primary features of

an emitter that determine its plugging potential are
thecross-sectional area ofitsflow channel and the
amount of turbulence created within the flow channel.
A large cross section gives plenty of room for con-
taminants to pass through without accumulating into
clogs. A highly turbulent channel keeps soil particles
suspended as they move through the emitters. When
tapesbecome plugged, it canresult from organicor
inorganic sediment in the irrigation water, a vacuum
conditioninsideofthe drip tape causing soil particles
tosiphonbackinthrough the outlet, or root intru-
sionand mineralbuildupintheflowchanneloratthe
outlet. Other emitter features also play important rolls
in plugging resistance. Some drip tapes have discharge
outlets that resist root intrusion. The design of the
emitter inlet can also affect clog resistance. Finally,
some emitters provide mechanisms that help remove
clogs should they occur.

For the low discharge rates required in drip irrigation,
anemitter’sflowchannel mustbe about0.01t00.10
inch. These small passageways make all emitters sus-
ceptible to clogging and require careful filtration of all
the irrigation water. Filtering to remove particles 10 or
more times smaller than the emitter passageway is a
typical recommendation. Some flushing-type emitters
require less filtration. Long-path emitters, which have
the largest passageways for a given flow rate, may
still require filtering of even the smaller particles to
prevent clogging. Two characteristics that are a guide
to clogging sensitivity are flow-passage size and wa-
ter velocity in the passageway of the emitter. Emitter
sensitivity to clogging may be classified by minimum
passageway dimension as:

* very sensitive, for a minimum passageway di-
mension oflessthan0.023inch (0.59 mm)

sensitive, for a minimum passageway dimension
0f0.024t00.060inch (0.61to 1.52 mm)

* relatively insensitive, for a minimum passageway
dimension greater than 0.060in (1.52 mm)
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Velocities of about 14 to 20 feet per second (4.26 to
6.08 m) through the emitter passageway also reduce
clogging.

Emitter discharges usually are rated at a temperature
of 68 degrees Fahrenheit (20 °C) and a pressureof 15
to 30 psi (103.5-207 kPa). Line source tubing is usually
ratedatlessthan15psi(103.5kPa). Anorificeemitter
has a flow cross section of about 0.008 to 0.024 inch
(0.2-0.6 mm) and a flow capacity of 0.2to 2.5 gallons
perhour (0.757-9.462 L/h) and tends to clogifnot
managed properly. A long-path emitter has a flow cross
sectionof about0.02t00.055inches (0.5—1.4 mm) and
aflow capacity of 0.05to 2.0 gallons per hour (0.189—
7.570L/h). Thelong-path emitters donotclogasmuch
if velocities are high.

Some emitters have a flushing feature to reduce clog-

ging sensitivity. Capabilities range from allowing
flushing at startup and shutdown to allowing flushing
continually. If the flushing control mechanism depends
ongravity,itmustbekeptuprightinthefield. The
continually flushing emitters have a series of orifices in
aresilient material to dissipate the pressure. When the
emitter clogs, line pressure builds up behind the par-
ticle and forces the orifice to expand and let the par-
ticle passthrough. Recentexperience withline source
tubing has shown that clogging can be significantly
reduced by regularly flushing the lateral, using either
automatic flushing valves or valves connected to a
separate pressure source sothatalllateralendscanbe
flushed by turning one valve. Even where good quality
water is used, flushing provides an added safety fac-
tor for continual operation of a system. This practice
should be considered for all emitter laterals, especially
if nonflushing emitters are selected.

Clearly an easy way to ascertain an emitter’s sensitiv-
ity tocloggingistoconsider the manufacturer’srec-
ommendations for filtration. The greater the sensitiv-
ity,the finerthefiltration should be. Ofcourse,local
user experience based on the sensitivity to clogging of
thevariousemittersinuselocallyisalsoagood gage
of filtration requirements. Table 7-18 gives equivalent
dimensions for filtration requirements for use in se-
lecting filters for specific emitters.

(1) Manufacturing variation

The variations in emitter passage size, shape, and sur-
facefinishthatdooccuraresmallinabsolute magni-
tude, but represent a relatively large percent variation.
Some emitters also use various elastomeric materials

to provide a pressure compensating or flushing proper-
ties, and such materials are inherently difficult to pre-
pare with consistent dimensions and characteristics.
The amount of difference to be expected varies with
the emitter’s design, materials used in its construction,
and care with which it is manufactured.

The emitter coefficient of manufacturing variation
(CV)isastatistical description of how uniformly the
flow rate ofeach manufactured emitterisinrelationto
one another. It is mathematically defined as the stan-
darddeviationdivided by theaverageflowratefroma
sample of emitters and calculated using equation 7—33.
ov=>
q

¢ g, =n( )
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q

(eq. 7-33)

Table 7-18 Filtration dimension equivalents for use in
s selecting filtration requirement for specific
emitters

Filtration equivalents

Screen size

Mesh inches mm Micron

5 0.1181 3.000 3000
10 0.0591 1.500 1500
20 0.0280 0.711 711
40 0.0165 0.420 420
80 0.0071 0.180 180
100 0.0060 0.152 152
120 0.0049 0.125 125
140 0.0042 0.105 105
150 0.0039 0.100 100
180 0.0035 0.089 89
200 0.0030 0.074 74
270 0.0021 0.053 53
300 0.0020 0.050 50
325 0.0017 0.044 44
600 0.0010 0.025 25
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where:

Ccv = emitter coefficient of manufactur-
ing variation

q,9,---9 = theindividual emitter discharge
rate values, gal/h (L/h)

n = number of emittersin sample

q = average discharge rate of the emit-
ters sampled, gal/h (L/h)

unbiased standard deviation of the
discharge rates of the sample

w
11

The CV is a useful characteristic with rather consistent
physical significance because the discharge rates for
emitters at a given pressure are essentially normally
distributed. The physical significance of CV is derived
from the classic bell-shaped normal distribution curve
shown in figure 7—78. As an example, for an emitter
having a manufacturing CV=0.06 (which is average,
table 7-19) and q = 1.0 gallons per hour (3.785 L/h),
95 percent of the discharges can be expected to fall
withintherangeof0.88to1.12gallonsperhour(3.331
t04.239L/h), and the average discharge of the low 25
percentwillbe about0.92 gallonsperhour(3.482L/h).

The small differences between what appear to be iden-
tical emitters cause significant discharge variations. CV
values should be as low, or as close to zero, as possible.
Most product CV_measure between 1 and 20 percent. A
CVof5percentorlessisconsidered excellent. A clas-
sification of emitter manufacturing coefficient of varia-
tion is shown in table 7-19.

Alower standard is used for line source tapes because
itisdifficult tokeep both the variation and the price
low, the outlets are normally closely spaced, and row
crop production is relatively insensitive to moderate
variations in closely spaced water application because
the root system rapidly adapts itself to water distribu-
tion patterns.

Coefficient of variation values should be available
fromthe manufacturer,ortheycanbeestimatedfrom
the measured discharges of asample setof atleast 50
emitters operated at a reference pressure head and
temperature.

(2) System coefficient of manufacturing
variation

The system coefficient of manufacturing variation
(CVS) isauseful conceptbecause more thanone emit-
ter or emission point may be used per plant. In such
aninstance, the variations in flow rate for each emitter
around the plant partly compensate for one another.
One emitter might have a high flow rate and another
would probably have a low flow rate; on the average,
the variation in the total volume of water delivered to
each plant is less than might be expected from consid-
ering CV alone. The CV, can be computed by equation
7-34.

cv
ov,= =
" Ve

(eq. 7-34)

Figure 7-78 Bell-shaped curve describing the relative
s frequency of emission rate as a function of
emitter flow rate

[——99.7%+38SD —————— P

———— 95%+28D ——»

Relative frequency of emissions rate

Emitter flow rate

Table 7-19

Classification of emitter manufacturing coef-
ficient of variation

Drip and spray emitters CVs  Classification
CV<0.05 Excellent
0.05<CV<0.07 Average
0.07<CV<0.11 Marginal
0.11<CV<0.15 Poor

.15<CV Unacceptable

Line source tubing CVs Classification
CV<0.10 Good
0.10<CV<0.20 Average

0.20<CV Poortounacceptable
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where:

CV = emitter coefficient of manufacturing variation

e’ =minimumnumberofemittersperplant,or1if
oneemitterisshared by morethanoneplant

Line source systems mayhaveonly oneoutlet per
plant; however, because of the close spacing of out-

lets, each plant mayreceiveits water from two outlets.

If multioutlet emitters with small-diameter distribu-
tiontubing are used (fig. 7-51e), the proper value of
e dependsonthedesignoftheindividual emitter. If
onecommon loss element serves several outlets, e”1s
equal to 1. If there is a separate pressure-loss passage-
way for each outlet, then the emitter is really multiple
emittersinasinglehousing, ande’isthenumber of
outlets.Itshouldbeemphasizedthatthe CVisaprop-
ertyoftheemitteralone,and CV_isa property of the
drip irrigation system as a whole.

(3) Relation of pressure to discharge

The relation between changes in pressure head and
discharge is a most important characteristic of emit-
ters and is critical to the design, management, and
uniformity of the MI system. Figure 7-79 shows the
graphical relationship for various types of emitters.

Figure 7-79 Relationship between percentage variations
meesssss—s indischargeasaffectedbythepercent-
age variation in pressure head for various
emitters with different discharge exponents
(Keller and Karmeli 1974)
30
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The emitter discharge exponent (x) measures the
flatness of the discharge-pressure curve, and the
desirability of an emitter that has a discharge-pressure
curvewithalowxisclear. Compensating emitters
have alow x; however, since they all have some physi-
cal part that responds to pressure, their long-range
performance requires careful consideration. Tempera-
ture, material fatigue, or both may affect the pressure
compensating emitters.

On undulating terrain the design of a highly uniform
system is usually constrained by the pressure sensi-
tivity of the average emitter. Compensating emitters
provide an immediate solution. However, nonpressure
compensated emitters of various sizes may be placed
along the lateral to meet pressure variations resulting
from changes in elevation. The design practicality and
economy of using emitters of more than one sizeinthe
fieldneed tobe assessed.

Thelaterallength, evenonsmoothfields, mustbekept
reasonably short to avoid excessive differencesin
pressure. Factors affecting the maximum length of run
are the flow rate per plant, the emission uniformity, the
emitter selected, the lateral pattern, and the terrain.

In some installations, field dimensions and cultural
practices affect the maximum length of run.

In laminar flow emitters, which include the long-
path, low-discharge devices, the relation between the
discharge and the operating pressure is linear, i.e.,
doubling the pressure doubles the discharge. There-
fore, the variations in operating pressure head within
the system are often kept to within £5 percent of the
desired average. Figure 7-80 shows the flow variation
from a typical laminar flow emitter.

In turbulent flow emitters, the change in discharge
varieswiththe squarerootofthe pressurehead,i.e.,
x=0.5, and the pressure must be increased four times
todouble the flow. Therefore, the pressure headin
systems with turbulent flow emitters is often allowed
tovaryby <10 percentofthe desired average. Figure
7-81 shows how pressure affects turbulent flow emit-
ters.

Flow compensating emitters regulate flow to various
degrees,andx maybelessthan0.5. Ifflowregulation
isabsolute,x=0.0. However, absoluteflow regulation
mightbeundesirablebecauseifiteverbecameneces-
sary tocompensate for underdesign or for decreased
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Figure 7-80 Flowrate/pressurerelationship foralaminarflowemitter (X=1.00) (courtesy of Netafim Irrigation)
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Figure 7-81 Flowrate/pressurerelationship foraturbulentflowemitter (X=0.50) (courtesy of Netafim Irrigation)
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emitter discharges resulting from slow clogging or
emitter deterioration, increasing the pressure would
notincrease the flow. Whenxrangesbetween 0.3

and 0.4, flow is substantially regulated a 50-percent
headdifferential would causeonlya13-to18-percent
variation in discharge, and some compensating ability
would also be maintained. Compensating emitters are
valuable chiefly for use on hilly sites where designing
for uniform pressure along the laterals and manifolds
1s impractical or for very long laterals. Figure 7-82
givesanexampleofhow pressurecompensating emit-
ters react to pressure changes.

(4) Relation of temperature to discharge
An emitter may be sensitive to water temperature for
anyofthreereasons:

* Someemittersaredesigned sothattheirflow
rate dependson the viscosity of the water, which
changes with temperature.

* Most emitters are somewhat sensitive to water
temperature because of dimensional changes in
the flow passage.

* Emitters with parts made of resilient material
(e.g., pressure compensating emitters) may be
subject tovariationin flow from a changein
material characteristics caused by changing
temperature.

There is a temperature difference between the air and
water in the pipe, especially if the mains, submains
andlateraldripperlineslieinthesun. Asthewater
moves through the system and changes temperature
(usually warming), the uniformity of the discharge
may also change. For fully laminar flow emitters, the
flow rate is inversely proportional to the kinematic
viscosity of the water, which in-turn varies inversely
with temperature. Thus, the flow rate of water varies
directly with temperature and must be corrected ac-
cordingly. Table 7—-20 provides correction factors for
computing emitter flow rates for temperatures other
than the standard reference temperature of 68 degrees
Fahrenheit (20 °C) and for flow exponents of x equals
0.6, 0.8, and 1.00 (Boswell 1984). In areas with hot
climates, water temperatures at the end of the later-

Figure 7-82 Flowrate/pressurerelationshipforapressurecompensated flow emitter (X=0.0) (courtesy of Netafim Irriga-
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Table 7-20 Temperaturecorrectionfactorsforflowrate

seesssssm  foremitters with flow exponents 0.6 <x<1.00
(Boswell 1984)

Water tem- Water tem-  Correction Correc- Correction

perature, °C

factor flow tion fac- factor flow
exponent tor flow exponent

perature, °F

alshavebeenmeasuredashighas140to 145 degrees
Fahrenheit (60—-62.8 °C). In some cases, a small de-
crease in viscosity resulting from water warming as it
flowstoward theendsoflaterals maypartially com-
pensate for the usual decrease in pressure.

x=0.6 exponent x=1.0 Oneoftheadvantagesof SDIisthatthe soil functions
x=0.8 asalargeheatsinkforthedripperlinessothatthe

5 41 0.94 0.87 0.63 water temperatures throughout the whole length of

10 50 0.95 0.92 0.75 the laterals are usually constant and equal to the soil

15 59 0.98 0.95 0.87 temperature_. The deeper the mains, submains, and
laterals are installed, the more constant the water

20 68 1.00 1.00 1.00 temperature.

25 77 1.02 1.05 1.13

30 36 1.04 110 1.28 (5) Connection losses
The main types of lateral connections are in-line

35 95 1.06 1.14 1.43 . . . . ’
on-line, on-line-riser, and embedded. Figure 7-83a—d

40 104 1.08 1.19 1.56 shows these four lateral connections.

45 113 1.10 1.24 1.70

50 122 1.12 1.29 1.85

Figure 7-83 Lateral connectors

|

a. In-line emitter configuration c. On-lineriser emitter configuration
Barb Emitter
connection Emitter Lateral Water

-

b.

On-lineemitterconfiguration

Emitter
; jrd

Lateral
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Configurationsin figure 7-83a—cin-line, on-line, and
on-line-riser lateral connections were used mostly in
the past, but recently, configurations in on-line and em-
bedded lateral connections have proved tobe the most
efficient and long lasting. On-line risers were used in
quasi-subsurface applications, but this method was
costeffective only when the emitter spacing was wide
or where it provided agronomic advantages.

Stress cracking caused by emitter barbs stretching
thelateralwallwasaprobleminon-linelateralcon-
nections. Excess stress caused premature aging at the
joint, resulting in cracks and leakage, and in extreme
cases, the emitters blew out. Connecting on-line emit-
terstothelateralwithbarbsin properly sized, smooth-
edged, punched-out holes can prevent this potential
hazard. In-line emitters could also be provided with
compression barbs or compression ring fittings.

The emitter-connection friction loss as an equivalent
length oflateral, (fc), isausefulterminestimatingloss
fromfrictioninlaterals. Thef dependsonthesize
and type of barb and on the inside diameter (ID) of the
lateral. Figure 7-84 gives estimated f_ values for in-line
emittersandforon-linebarbsofthree differentsizes
asafunctionoftheID ofthelateral. This approach
can be adapted to integrated emitters, the type shown
in figure 7-83d, using the relationship of the barb
width to the inside lateral diameter as shown in equa-
tion 7-35 (Pitts, Ferguson, and Wright 1986; Watters
and Keller 1978). Integrated emitter width range is
from 0.25inchesonup. Atypical widthis0.381inches.
Some manufacturers are now providing a coefficient
(K. K, etc.) to account for the pressure loss associated
withthefrictioncaused bybarbs.

-1.86

F,=Kb(D,) (eq. 7-35)

Figure 7-84 Emitter-connectionloss (fg valuesforvarious sizesofbarbs andinside diameter of dripperlines
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where: SDI during winter precipitation will usually suffice to

F  =equivalentlengthoflateral,ft(m)

K =constant,0.711for Englishunits (3.5for metric
units)

B =barbdiameter,in (mm)

D =lateraldiameter,in(mm)

(6) Emitter discharge rate, spacing, and in-
stallation depth of SDI systems

With SDI, the wetted soil radius is shorter in the SDI
than in the DI system (fig. 7-71; Ben-Asher and Phene
1993). The implications are that under similarirriga-
tion conditions:

* Thewetted soilvolumeinthe SDIsystem will be
atalowerwatercontentthaninthe DIsystem,
and the leaching potential will be lowered.

* Thesurfaceareaof soil available for root uptake
of waterand nutrients willbeincreasedinthe
SDI system.

* The shorter wetted radius in the SDI system
willallow closeremitterspacingthaninthe DI
system, resulting in potentially improved wetted
uniformity.

However, the surrounding soil exerts backpressure
onthewaterdischarged fromthe emitter,andifthe
emitter discharge rate exceeds the soil intake rate,
water will find the path of least resistance and may
come tothe surface. Because of this, itis important to
selectemitterswith aslow adischargerateaspossible
and increase the number of emitters per unit length.
Dependingonthe croptobeirrigated,itisalsoim-
portant to install the SDI laterals as deep as possible.
Root distribution studies have shown that with many
field crops, vines, and tree crops, installation depths of
18to 24 inches (0.45-0.60 m) promote deep rooting
andpreventsurfacingofthe water (Pheneetal. 1991).
High frequency irrigation is also highly recommended
with SDI to eliminate or minimize surfacing of the
water and deep drainage below the rootzone (seefigs.
7—67 and 7-68for explanations of the effect of irriga-
tionfrequency onwater movementinhomogeneous
and stratified soil, respectively). In coarse-textured
soils and when time is a constraint, deep SDI instal-
lation may require a supplemental irrigation system

to help germinate the crop. In areas with minimal
precipitation and salty water, a supplemental irriga-
tion system may alsobe needed toleach accumulated
salts above the SDI laterals; however, irrigating with

provide adequate leaching of accumulated salts.

(7) Performance
Testdataforanumberofemittersarepresentedin
table 7-21. Alltestsweremade withcleanwaterata
standard temperature of 68 degrees Fahrenheit (20 °C)
onnew emission devicesobtained fromretail outlets.
Asummaryofthetestresultsfollows:

+ Theemitter discharge exponent (x) for the devic-
es tested ranged from 0.11 to 1.0. Emitters having
xvalueslowerthan0.5 maybetermed “pressure
compensating.” Pressure compensation is not a
yesornofeature of emission devices; available
deviceshadvariousdegreesofcompensation.

* Measured emitter coefficients of manufacturing
variability (CV) ranged from 0.02 to 0.40. Most
devices seemed tobe manufactured with a con-
sistency of CV A0.06.

* The temperature discharge ratio (TDR) revealed
awiderangeofdischarge sensitivitytowater
temperature. At an elevated temperature, some
devicesdischarged asmuch as 21 percentless
than normal, but one discharged nearly four
times normal flow. Several devices, however,
were relatively insensitive to water temperature.

Generalizing from these data requires care. Emitters of
the same design may have quite different performance
characteristics, depending on the materials used in
theirconstructionandthecareandprecision with
which they were manufactured. Table 7-21 provides
auseful guidefortheprobablecharacteristicsand
important features of some types of emitters.
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Table 7-21  Test characteristics of several emission devices'

——
Emission device® TDR Flushing ability
. cv 113° 149° MFPD6
Orifice
Vortex/orifice 0.42 0.07 0.92 0.88 0.024 None
Multiple flexible orifices 0.70 0.05 1.04 1.07 — Continuous
0.70 0.07 1.04 1.07 — Continuous
Ball and slotted seat 0.50 0.27 1.15 1.21 (0.012) Automatic
0.49 (0.25) 0.83 0.79 (0.012) Automatic
Compensating ball and slotted seat 0.15 0.35 0.85 0.81 0.012 Automatic
0.25 0.09 0.90 0.89 (0.012) Automatic
Capped orifice sprayers 0.56 (0.05) (1.03) (1.05) 0.04 None
0.53 (0.05) (1.08) (1.05) 0.06 None
Longpath
Smalltube 0.70 0.05 1.08 1.13 0.039 None
0.80 0.05 1.16 1.22 0.039 None
Spiral path 0.75 0.06 1.19 1.18 0.031 Automatic
0.65 002 (1100 (1.15) 0.028 None
Compensating 0.40 0.05 1.19 1.33 (0.030) None
0.20 0.06 111 124  (0.030) Automatic
Tortuous 0.50 (0.08) 1.40 1.70 0.031 None
0.65 0.02 108 114  (0.039) None
Shortpath
Groove and flap 0.33 0.02 1.00 1.00 0.012 Automatic
Slotanddisc 0.11 0.10 1.06 1.08 0.012 Automatic
Line source
Porous pipe 1.0 0.40 2.70 3.80 — None
Twin chamber 0.61 0.17 (1.05) (1.10) (0.016) None
0.47 (0.100 (1.04) (1.08) (0.016) None

Test data at a standard operating temperature of 68 °F. Numbers in parentheses are estimates.
Doubleentriesindicate different devices of the same general type.

Emitter discharge exponent (eq. 7-26).

Emitter coefficient of manufacturing variation (eq. 7-33).

Temperature-discharge ratio, the ratio of the emitter discharge at a temperature higher than 68 °F to that at 68 °F.
Minimum flow-path dimension—not meaningful with continuous flushing.

S Ot WD
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(8) Discharge exponent

The emitter discharge exponent (x) characterizes the
flow regime and discharge-versus-pressure relation-
ship ofthe emitter. The emitter discharge (q) for most
emittersorsprayerscanbecomputedbyequation 7—
24.Thedischarge exponent (x) canbeestimated
using head-discharge relationship from field or manu-
facturer’s data and equation 7-36.

log( q, )

log| —
Lhz) (eq. 7-36)

where:
4,4, = emitter discharges, gal/h (L/h)

hl, h9 = pressure heads corresponding to q,9,

respectively, Ib/in? (kPa)

Thexforthe discharges at twooperating pressure
heads may also be obtained graphically by measur-
ing the slope of the line connecting the two discharge
values and respective pressure head values plotted on
log-log graph paper.

Example:

Determine graphically the discharge exponent and
discharge coefficient from discharge-versus pres-
sureheaddataforavortexemitter,and findthehead
required to produce any given discharge

Given: Emitterdischarges(q),at pressureheads(h):
1.00gallonsperhour(3.785L/h) at 10.0psi(69.0kPa),
1.34 gallonsperhourat20.0psi(138kPa).

Find: Discharge exponent (x) and pressure head (h)
atwhich qequals 1.20gallons perhour(4.542L/h) (fig.
7-85).

Using equation 7-36:
(ool V1
)|

Graphically:
1.251in
X="3.00in
=0.42

(d) Emitter operating characteristics

(1) Discharge

The recommended operating range and the relation-
shipbetween averageemitter discharge (q) andpres-
sure should be available from the emitter’'s manufac-
turer. Often emittersizesaregivenintermsofarated
average discharge at some standard pressure head
along with a discharge exponent.

The first step in determining the volume of the emitter
dischargeistoselectanemitterthathasarateddis-
charge (or the discharge at the midpoint of the recom-
mendedrange)thatappearstobeappropriate forthe
system. The q should belarge enough tosupply the
crop needs during the period of peak use when operat-
ingabout 20 hours perday,but smallenough sothatit
does not cause runoff.

Letq, beequaltotherated discharge of the selected
trialemitter. Thetimeofapplication, T, for the gross
volume of water required per plant during the peak
use period canbecomputedbyequation 7-37.

(o)

e(qa) (eq. 7-37)

Ta

where:
’II‘:q =set time, h/d

{gg] = average volume of water required/ilaslt/day

d duringthe peak use period, gal/d (L/d
e =numberofemitters perplant
q, = average emitter discharge, gal/h, (L/h)

The maximum number of hoursof operation perday
should not exceed 90 percent of the available time
(21.6h/d). Thenonoperation timeisa marginof safety
for system failure or other unexpected down time. It
maybenecessary toanalyze the system by number of
stations (N) toapply water within 21.6 hoursperday
(fig. 7-86). Todetermine N, select a reasonable T be-
tween 12 and 22 hours per day and compute anew q,
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Figure 7-85 Graphical method for determining the discharge exponent (x) in a sample calculation
|
L/h gal/h

7.57 2.00 }—
x=slope=1.25=0.42

3.00
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Figure 7-86 Typical two-station, split-flow layout for drip irrigation system with blocks I and I1I, or IT and IV, operating simul-
s taneously
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Whenthepreliminaryvalueof T computedbyequa-
tion 7-37is greaterthan 22 hoursperday (evenfora
single-station system), the emitter discharge would
needtobeincreased above therated discharge. If the
increased discharge exceeds the recommended range
or requires too much pressure, either larger emitters
or more emitters per plant are required. Examples of
decision strategies for other preliminary T values are:

* IfT =22hoursperday, use aone-station system
(N=1), select T <22hours per day, and adjust q,
accordingly.

* IfT =11 hoursperday,use N=2, select T <11,

and adjust g, accordingly.

+ If12<T<18,itmaybedesirabletouseanother
emitter or a different number of emitters per
plant to enable operating closer to 90 percent of
the time and thereby reduce investment costs.

(2) Average pressure

Normally, published data forthe emitter are a series of
pressure heads versus discharges. For determining the
average emitter pressure head, (b), for a desired aver-
agedischarge, (q), thebasicemitter dischargeequa-
tion needs to be modified. The ha foragivendischarge
canbecomputedbyequation 7-38.

h = {l} .
kq (eq. 7-38)

where:

h ~=averageemitterpressurehead,ft, (m)

q, =average emitter flow rate, gal/h, (L/h)

k, =constantofproportionality (discharge coeffi-
cient) that characterizes each emitter

X = emitter discharge exponent

(3) Emissionuniformity o .
Emission uniformity (EU) from all the emission points
within a drip irrigation system is important because it

isone of the major components of irrigation efficiency.
Fromfieldtestdata EU, percent,canbecomputed by

equation 7-39.

EU=10q[|q“,]

’

\q, / (eq. 7-39)

where:
EU = emission uniformity, %

’

q, =average discharge of the lowest 25 percent of
' the field-data discharge readings, gal/h (L/h)
q, =averageofallthefield-dataemitter discharges,
gal/h (L/h)

In the design phase, the variation expected in emission
ratesmustbeestimated by some analytical procedure.
Unfortunately,itisnot practical toconsiderin a for-
mulafor EU alltheinfluencingfactors, such asfullor
partial clogging, changes in water temperature, and
aging of emitters. Itis not possible tolook at a design
and compute or even satisfactorily estimate the un-
predictable variations in emission rates these factors
may cause. Otheritems, however,canbeknown. The
manufacturer should provide information about the
relation of pressure torate of emission and also about
manufacturing variation for the emitter. Topographic
data from the intended site and a hydraulic analysis of
the proposed pipe network can give the needed infor-
mation about expected variation in pressure.

Thebasicconcept and formulasfor EU wereinitially
published in studies by Keller and Karmeli (1974). The
basisof their formulaistheratioof the lowest emis-
sionratetotheaverage emissionrate. Thisprocess
treats below-average emission rates as more important
than those above average and treats the lowest emis-
sion rates as more important than those somewhat be-
low average. This scheme seems reasonable for evalu-
ating drip irrigation, which applies reduced amounts
of watertothe plantandirrigatesonlyapartofthe
plant’s root zone. In drip irrigation, underwatering is a
greater hazard than overwatering. For a proposed de-
sign, an estimate of EU can be computed by equation
7-40a (for number of emitters greater than 1) or 7-40b
(for the number of emitters equal to 1):

EU-1001.0-1.27CV 4

Vo la,
EU:100(1.0—1.27CV)q_“
9%  (eq. 7-40b)

(eq. 7-40a)
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where:

EU = emission uniformity, %

CV = coefficient of manufacturing variation of the
emitter, obtained from the manufacturer or
by equation 7-37

CV, = system coefficient of manufacturing variation

(eq. 7-34)
e’ = minimumnumberofemittersperplant
q, = minimumemissionratecomputedfromthe

minimum pressure in the system, based on

the nominal flow rate versus pressure curve,

gal/h (Lh) o
q = averageordesignemissionrate, gal/h (I/h)

a

Theratioof q/q expresses the relationship of mini-
mum to average emission rate that results from pres-

sure variation within the system. The 100 converts the
ratio to a percentage. The factor in the middle adjusts
for the additional nonuniformity caused by anticipated

manufacturing variation between individual emitters.

The EU determines the uniformity of amounts of water
emitted throughout a subunit because all the emitters
areoperated for the same application time (T). Select-
ing the ideal design EU requires economic trade-offs.
Fourfactors mustbeconsidered:

costrequired installing systems with increased EU
water and water-related costs

sensitivity of crop yield and quality to nonuni-
formirrigation

marketvaluesofthecrop

Aneconomicanalysisofthesefactorscandetermine
the optimal EU in any specific situation, but usually
data are insufficient for such an analysis. For design
purposes, therecommendedrangesof EUvaluesto
use in conjunction with equations 7—40a or 7—40b
(dependingonthenumberofemitters) are presented
intable 7-22.

The minimum emitter discharge that will satisfy the
desired EU value can be determined by solving equa-
tion 7—40(7—40aorb, depending on the number of
emitters) for q, byusingtheq, determined from equa-
tion 7-37 and the system coefficient of manufacturing
variation (CV)fortheselected emitterandlayout.

(4) Allowable pressure head variation

The allowable pressure head variation (AHS) is the
pressure head variation between emitters in a subunit
that will give the design emission uniformity (EU).
The subunit may be the manifold and attached later-
als, a group of laterals, or a single lateral, depending
on where the pressure is regulated. Figure 7-871s a
schematic of the pressure head distribution in a simple
subunit, where AH _is the allowable pressure head
variation; H isthemanifoldinletpressurehead;h is
the pressure head that gives the g required to satisfy
the design emission uniformity; h_is the pressure head
thatgivestheq;q isthe average or design emitter dis-

charge rate; q_is the minimum emitter discharge rate.
Figure 7-88 shows an example of the combined effect
of pressure head and manufacturing variations on
individual emitter discharges. The particular example
depictedisfor a subunit on alevel field with constant-
diameter manifoldsandlateralsin which AH =10feet
(3.04m) whenthepressurehead, h ,thatgivesthe

Table 7-22  Recommend ranges of design emission uni-
s formities (EU)?

Spacing  Topography Slope EU
ft, (m) % range
%

Emitter type

Pointsourceon >13,(4) Uniform <2 90to

perennial crops Steepor >2 95
undulating 85to
90
Point source <13,(4)  Uniform <2 85to
on perennial or Steepor >2 90
semipermanent undulating 80to
crops 90

Linesourceon All Uniform <2 80to

annual or peren- Steepor >2 90
nial crops undulating 70to
85
Spray? All Uniform <2 90to
Steepor >2 95
undulating 80to
90

1 ASAE Engineering Practice Standard: ASAE EP405.1(1988)
Design and Installation of MI Systems
2 Keller and Bliesner, Sprinkle and Trickle Irrigation (2000)
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Figure 7-87 Distribution of a pressure head in a subunit
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average or design emitter dischargerate, (q),is40feet
(12.16m). Thisgivesasubunithead-lossratioof0.25.
The emitter characteristics are q, equals 0.91 gallons
perhour (3.444 L/h), emission discharge coefficient (x)
equals 0.72, and manufacturer’s coefficient of variation
(CV) equals 0.033. The flow rate variation should be
limited to 20 percent.

In figure 7-88, the region of emitter discharges is
bounded on the sides by the minimum and maximum
pressuresin the subunit. Thebottom and top of the
region are bounded by the minimum and maximum
dischargesexpectedfroma test sampleof emitters

ateachpossibleoperating pressure. The AH inthe

subunitonalevelfieldiscaused by the friction loss.
Theh, which givesthe q,is not midway between the

extremes of pressure becauselossof pressureis great-
est in the first part of constant diameter manifolds and
laterals.

Example:

Determine emission characteristics and EU in a sub-
unit.

Given: The emitter characteristics depicted in figure
7-88.

where:

q, =0.90gal/hath =40ft
Ah =10ftandh =37.5ft

therefore:

h =~ =47.5ft

x =0.72andCV=0.033

Find: The minimum and maximum nominal discharges
q,and q, the emission uniformity, EU, of the subunit
fore=1,and the net designq.

From eq. 7-24

K=-990_ 00632

(40)0,72
0.72
q,=0.0632(7.5) =0.86gal/h

0.72

q,=0.0632(47.5) =1.02 gal/h

From eq. 7-40a

EU=100{1.0-1.27 (0-033\)0-86 ~92%

S R

Therefore,thenetdesignqis:

EU

=q, —_=0.82gal/h
q=q, 100 g

Thepressureheadthatgives q forthe selected emitter
(h) canbe determined from equation 7-24. Fromh |
andh,the AH canbecomputed for design purposes

by eqliation 7-41.

AH_ =2.50(h, ~h,) (eq. 7-41)

where:

AH =allowable pressurehead variation, ft (m)

h, =pressureheadthatwillgivetheq, required to
satisfy equation 7-38, ft (m)

h ~ =pressureheadthatwillgivethegnrequiredto
satisfy equation 7—-24 with the design EU, ft (m)

Maintaining the design EU requires keeping the pres-
sureheadbetweenh and (h+AH) while differentials
inboth pipefriction and elevation areincluded. Ifthe
calculated AH_istoo smallfor economic design pur-
poses, the options are to:

*+ selectanotheremitterthathasalowercoeffi-
cient of manufacturing variation (CV), discharge
exponent (x), or both

increasethenumberof emitters perplant (e)

use a different emitter or rearrange the system to
getahigherh,

relax the design EU requirement

(5) Total system capacity

Knowledge of the total system capacity, (QQ, gallons
perminute,isnecessarytodesignaneconomical and
efficient pumping plant and pipeline network. The sys-
tem capacity for any emitterlayoutcanbe computed
by equations 7—42a and 7-42b.

e (a)
Q-K" -
) N 5,5, (eq. 7-42a)

where:
Q, =systemflowrate,gal/min (m®h)
K = conversion constant, 726 for English units

778 f tri it
A =8 for metrig units)

e =numberofemittersperplant

7-110 (210-VI-NEH, October 2013)



Chapter 7 Microirrigation

Part 623
National Engineering Handbook

N = number of operating stations

q, =averageordesignemissionrate,gal/h(L/h)
Sp =plant spacing in the row, ft (m)

S, =distancebetween plantrows, ft (m)

For uniformly spaced laterals that supply uniformly
spaced emitters.

(eq. 7-42b)

where:

S, =spacingbetween emittersonalateral, ft (m)

S, =spacingbetween laterals, ft (m)
Forcomputingtotal system capacity whereline source
tubingisused andthedischargerateisper 100feet
(30.4m) of tubing, equation 7—42c canbe used.

Ae(q,)

=K
Q N s

(eq.7-42c¢)

where:
q, =(q,per 100 ft (m) of tubing)/100

(6) Pump operating time per season

The pump operating time per season (Q) canbe
estimated by equation 7—43 with the gross seasonal
volume (Vi) computedbyequation 7-21 and thetotal

system capacity (Q).
(V)

0,=K
stJ (eq. 7-43)

where:

O, =hoursofoperation, h

K =5,430 for English units (2,778 for metric units)
V. =grossseasonalvolume, acre-ft (ha-m)

Q, =totalsystemcapacity,gal/min (L/s)

Somesystemsrequireextracapacitybecauseofan-
%icipated slow changes in average emitter discharge,

g»), with time. Decreasesin g, canresult from slow
clogging from sedimentation in long-path emitters or
compression of resilient parts in compensating emit-
ters. Increasesin q canresultfrom mechanical or
chemicalfatigueoftheflexibleorificesincontinuous-
and periodic-flushing emitters or increases in minor
leakage from fatigue in emitters and tubing.

Bothdecreasesandincreasesinq_ necessitate peri-
odiccleaning orreplacement of emitters. A decrease
indischargerate can be compensated for by operating
the system either atahigher pressure orforalonger
time during each irrigation application. The need for
frequent cleaning or replacement of emitters because
of decreasing discharge ratescanbe prevented by de-
signingthe system with 10to 20 percent extracapac-
ity. By following the recommended design procedure,
basedona maximum operation timeof21.6 hours
perdayduring the peak use period, 10 percentextra
capacity is already available. A possible alternative is
to provide enough reserve operating pressure so that
thepressurecanbeincreased, asrequired, toholdq,
constant until the emitter discharge characteristics
havedegeneratedby 10to 20 percent.

Providing extra system capacity necessitates increas-
ing the pump and pipe size; whereas, providing reserve
operating pressure requires only a slightly larger
pump. Consequently,thecostof providing reserve
pressureislessthenthecostof providing extra capac-
ity. Nonetheless, systems that have extra capacity can
better make up for unavoidable interruptions before
the emitter discharge has decreased. Furthermore,
they can also handle situations when minor leakage
increasesq,.

(7) Net water-application rate

The net water-application rate (In) 1s the water applied
tothe plants at the lowest discharge rate of the emis-
sion device. The net application rate is important in ir-
rigation scheduling because it is needed to calculate the
number of hours that the system must operate to apply
aspecificvolume of water.

Thel isafunctionofthe minimum expected rate of
emitter discharge (q) and, thus, cannotbe computed
until the hydraulic network has been designed. The q
isafunction ofthe minimum expected pressure head
(h) in the system and can be computed by equation

744,
q=q G}mj

2 (eq. 7-44)
where:
q, =average emitter discharge, gal/h (L/h)
h ~=averagepressure head of emitter, ft (m)
x = emitter discharge exponent
h ~=minimum pressureforthesubunit, ft (m)
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Ifthefrictionheadlossinadripirrigation systemis
greater than the head gain from elevation drops, h  can
be computed by equation 7-45.

h =(H, -AH_ -Ah)

(eq. 7-45)
where:
h = minimum pressure for the subunit, ft (m)
H = manifoldinlet pressure head, ft (m)
AH_ = differencein pressure head alongthe mani-
fold, ft (m)
Ah =differenceinpressureheadalongthelateral,
ft (m)

Steep downhill manifolds and laterals in which the
frictionlossislessthanthehead gainfromeleva-
tiondropswillhavelowerpressuresattheinletthan
further downtheline.Insuchcases,h must be deter-
mined by inspection of the graphical solutions.

With an estimated q, and the final design emission

uniformity (EU), thenetapplicationrate,I,canbe
computed by equation 7-46.

ey (5:0&]

(eq. 7-46)
where:
K =1.604for Englishunits(1.0for metricunits)
e =numberofemittersperplant
q, =emissionpointdischarge,gal/h(l/h)
SlD =distance between plants in the row, ft (m)
S =distancebetween plant rows, ft (m)
I =net application rate, in/h (mm/h)

The maximum daily net water application that the
system canapplyinanemergencyis24hxI .

(8) Computing injection of fertilizer and
chemicals

Therate at which any concentration of chemicalisto
beinjectedintotheirrigation water shouldbecalcu-
lated carefully. The rate of injecting fertilizer into the
system (qf) depends on the concentration of the liquid
fertilizer and the quantity of nutrients to be applied
during the irrigation. The rate can be computed by
equation 7-5. Information about fertilizer compat-

ibility, pH, andinjection methodsarealsoprovidedin
NEH623.0706.

Capacity of the fertilizer tanks—The capacity of the
fertilizer tanks is an important consideration. Large,
low-costtanksare practical for use withinjection
pumps. Alarge tankisagood place to store fertilizer
for periods when supply is short, and its use reduces
the labor associated with frequent filling. If a large
tankis being used, shutoffis a convenient way to con-
trol the amount of fertilizer injected.

For a pressure differential injection system, a high-
pressure fertilizer tank should hold enough for a
completeapplication. Requiredtankcapacity (C) can
be computed by equation 7-6.

Rate of chlorine or acid injection—The rate of inject-
ing chlorine or acid depends on the system’s flow rate.
Liquid chlorinators are usually preferred over gas
chlorinators because:

+ Agaschlorinatorisused forchlorination only,
whereas a positive displacement pump can inject
not only liquid chlorine and fertilizers, but also
micronutrients, fungicides, herbicides, acids, and
other liquids as needed.

+ Agaschlorinatorusually costs4to 10timesas
muchasapump.

* Because chlorine gas is extremely hazardous, it
is expected that for installing a gas chlorinator,
the Occupational Safety and Health Administra-
tion (OSHA) willrequire the use of aseparate
building and special handling of the gas cylin-
ders.

Most manufacturer’s of drip irrigation hardware
make filtration equipment and provide the chemi-
cal solution tanks and chemical injection systems
as part of their systems for filtration, water treat-
ment, and chemical feeding.

Therate of injecting a chemical, such as chlorine or
acid(q), canbe calculated by equation 7-47.

(eq. 7-47)
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where:

q, =chemicalinjectionrate,gal/h(L/h)

K =0.006for Englishunits(0.36for metricunits)

C =desireddosage, ppm (mg/L)

Q, =irrigation system capacity, gal/min (L/s)

¢ =concentrationofthe desired componentin
liquid chemical concentrate, %

sg = specific gravity of the chemical concentrate

(e) Pipeline hydraulics

This section contains data and information about the
hydraulic aspects of pipe systems important in the
design of drip irrigation systems.

(1) Friction loss in pipelines

Plastic is the predominant pipe material used for
dripirrigationlaterals, manifolds, and mainlines. The
Hazen-Williams formula is the basis for many friction-
losscalculations. Equation 7-48 can be used to calcu-
late the head loss by the Hazen-Williams formula.

( Q\\ 1.852
h = K . Df4.87 L
f L CJ (eq. 7-48)

where:

h, =headloss from pipe friction, ft (m)

L =pipelength, ft (m)

K = conversion constant 10.50 for English units,
(1.212x 10 for metricunits)

Q =flowrateinthe pipe, gal/min (I/s)

C =friction coefficient for continuous sections of
pipe

D =1ID ofthe pipe, in (mm)

Typically, C=150hasbeen usedtocalculate friction
lossesin plastic pipe. The inner surface of plastic pipe
isvery smooth, and the Cvalue of 150isrecommend-
ed for smooth pipes in Hazen-Williams tables.

The Hazen-Williams formula was developed from
study of water distribution systems that used 3-inch
(76.2 mm) or larger diameter pipes and discharges
greater than 50 gallons per minute (189.25 L/min). Un-
dertheseflow conditions, the Reynoldsnumber (NR)
is greater than 5 times 10%, and the formula predicts
friction loss satisfactorily. However, for the smaller
pipe,suchasthetypicalhalfinch (12.7 mm)lateral
hoses used in drip irrigation systems, the Hazen-Wil-
liams formula with C = 150 underestimates the friction

lossesby about 30 percent. Thehalf-inch (12.7mm)
hose exhibits characteristics equivalent to an average
Cvalueofabout 130.

Another simple equation was developed by Watters
and Kellerthattakesintoaccountthelowflowrates
and the small diameters usually encountered with
microirrigation. Equation 7-49a (hereafter referred to
as the Keller equation) can be used to compute h, for
5-inch (125 mm)-diameter or smaller plastic pipes and
hoses. For Dlessthan 5inches (125 mm):

1.75
h=KQ [
f D4.75

(eq. 7-49a)

where:

h, =headloss from pipe friction, ft (m)

K = conversion constant, 0.00133 for English
(7.89x 105 for metric units)

L =pipelength, ft (m)

Q =flowrateinthe pipe, gal/min (L/s)

D =ID ofthe pipe, in (mm)

Equation 7-49b can be used tocompute h forlarger
diameter plastic pipe. For D greater than 5 inches (125
mm):

Ql.83
h =K 201,
D (eq. T—49b)

where:
K = conversion constant, 0.0010 for English,
(9.58x 105 for metricunits)

Equations 7—49a and 7-49b are as easy to use as the
Hazen-Williams formula, and they more accurately
predict friction loss for 70 degrees Fahrenheit water
flowing in smooth plastic pipe. Either the Hazen-
Williams or the Keller equation may be used, but when
using the Hazen-Williams, care must be taken to use
the appropriate C factor. Recommended C values are
shown in table 7-23.

Table 7-23  Hazen Williams C factors for various pipe
I sizes

C factor Pipe diameter, in (mm)
130 <1(26)
140 <3(76)
150 >3 (76)
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(2) Head losses through fittings

Equation 7-49isdevelopedfor smooth, plastic pipe

without fittings. The three conventional methods for
computing the additional pressure head losses from

special equipment, valves, and pipe fittings are:

graphing friction loss versus flow rate

expressingtheadded pressureheadlossasthe
length of pipe (of the same diameter) that would
givethesameloss

*+ expressingthelossintermsofavelocity head
coefficient. Equation 7-50 canbe used for com-
puting friction head loss caused by a specific
fitting (h)

2g (eq. 7-50)

where!
h, =headloss caused by a specific fitting, ft (m)

K, =frictionheadloss coefficient for a specific fit-
ting
2
V- velocity head, whichis the energy head from
2g  the velocity of flow, ft (m)

Graphs, equivalent lengths, or K values should be sup-

pliedby manufacturer’sortaken fromhandbookson
hydraulics. Usually the losses attributed to standard
pipefittings aresmalland canbe groupedinamiscel-
laneous friction-loss safety factor.

Emitter-connection loss equivalent lengths, (f), feet
(m), representinglossesfor differentbarb sizes and
lateral diameters are shown in figure 7—84, whic
should be used when the manufacturer does not pro-
vide emitter-connection loss data. For computing the
friction head loss, the equivalent length of the lateral
with emitters (L"), feet (m), can be computed by equa-
tion 7-51 and substituted for the actual length of the
lateral with emitters (L)

Lo, (Se+fe)
S, (eq. 7-51)

where:
L~ =equivalentlength, ft (m)
S, =spacingbetweenemittersonthelateral, ft (m)

f = emitter-connection loss equivalent lengths, ft

(m)
L =laterallength,ft(m)

To calculate the lateral friction loss including emitter
connectionlosses, substitute L for Lin thefriction
loss equation being used.

(3) Multiple-outlet pipeline losses

Headloss from pipe friction (h)inlaterals and mani-
folds that have evenly spaced outlets and uniform
dischargefromeachoutletcanbeestimatedbyequa-
tion 7-52.

h.=Fh
f fno outlets (eq 7_52)
where:
h, = frictionloss adjusted for multiple out-
lets, ft (m)
henooutiets = headlossofthelateral with emitters, ft
(m)
F = reduction coefficient to compensate for

the discharge along the pipe

Table 7-24 gives Fvalues for various numbers of open-
ingsalongthepipe.The Fvaluesare given foruse with
both the Hazen-Williams formula (flow rate exponent
1.85) and the Keller equation (flow rate exponent 1.75).
The Fvalueswerecomputedbydividingtheactual
computed loss in multiple-outlet pipelines (with equal
discharge peroutlet) by the head loss in pipelines of
equal diameter and length but with only one outlet.

The head loss along any multiple outlet pipeline that
hasuniform outlet spacing and discharge canbe com-
puted by equation 7-53.

h =Fh (§\K

* fLLJ

(eq. 7-53)

where:

K =2.852forthe Hazen-Williams equation and 2.75
for the Keller equation

h, =headloss from position x to the closed end, ft
(m)

h, =totalhead-lossofthe pipe with emitters, ft (m)

F  =reduction coefficient to compensate for the
discharge along the pipe

X =distance from the closed end, ft (m)

The mathematical derivation of equation 7-53 assumes
that Fisaconstantbetweentheend and any pointin
the multiple-outlet pipeline. This assumption is obvi-
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ouslynottrue,butonpipelinesthathave 12 or more
outlets, theerrorislessthanbpercent.

(4) Type, size, and location of air, pressure,
and vacuum relief valves

Control of airin pipelineis a critical component of any
hydraulic network. NEH623.0708(f) treats in detail the
type, size,andlocationof air, pressure, and vacuum
reliefvalves,andthereasonsandneedsforcarefully
selecting and installing these devices. Figure 7-19
suggests possiblelocations of these devices; however,
site-specificconditions such assoil, topography, crops,
and water quality will determine the final system de-
signanduseofthesedevices. Subsurfacedrip systems
will require additional attention to the numbers, loca-
tions, and types of vacuum relief valves that are criti-
cal for preventing soil ingestion into the emitters.

(5) Flushing and maintaining flushing veloc-
ity

Guaranteeing long-lasting performance of MI systems
is dependent on the maintenance ability to effectively
flush mains, submains, and lateral lines to remove ac-
cumulated and settled sediments and microbiological

materials. Some silt (2-50um) clay (<2um) particles
will pass through most filters, aggregate together
(sometimes with organic contaminants), and accumu-
late withinthe whole pipe network. Regardlessofthe
water quality and water treatment, impurities will ac-
cumulateandsettleoutofthe water forming deposits
atthebottomofthelaterallinesand emitterorifices.
These deposits mustbe periodically flushed out of
the whole system. Mains should be flushed first, then
submains and manifolds, and finally the laterals.

Effective flushing is dependent on system design and
more specifically on the ability to maintain a minimum
lateral flushing velocity of 1 foot per second (0.304
m/s) per lateral, approximately 1 gallon per minute
(3.785L/min) attheendofa 5/8-inch (15.875mm) lat-
eral, or 2 gallons per minute (7.57 L/min) at the end of
each 7/8-inch (22.23 mm) lateral (water squirting 2—3
feet(0.608-0.912m) from the end of an open lateral
will approximately provide the necessary flushing
velocity). Several laterals can be flushed simultane-
ouslyprovided thatthe pump capacityissufficientto
maintain the minimum flushing velocity.

Table 7-24

s spacingfromthepipeinlet

Reductioncoefficient (f) for multiple-outlet pipeline friction-loss computationsin which the first outletis a full

F F

Number of outlets 1.851 1.752 Number of outlets 1.851 1.752
1 1.00 1.00 9 0.41 0.42
2 0.64 0.65 10-11 0.40 0.41
3 0.54 0.55 12-15 0.39 0.40
4 0.49 0.50 16-20 0.38 0.39
5 0.46 0.47 21-30 0.37 0.38
6 0.44 0.45 31-70 0.36 0.37
7 0.43 0.44 >70 0.36 0.36
8 0.42 0.43

1 Theflowrateexponentof1.85isforuse withthe Hazen-Williamsformula.
2 Theflowrateexponentof 1.751s for use with tables based on the Keller equation and smooth-pipe curve on the Moody diagram or with

equation 7-49a.
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The average flow velocity in a pipe may be computed
by using equation 7-54 (Boswell 1984).

V=K%
' D’ (eq. 7-54)

where:

V_ =theaverage velocity, ft/s (m/s)

K =0.409 for English units (1.273 for metric units)

q =theaverageflowrate,gal/min(L/m)

D =actualpipeinsidediameter,in(mm)

Example: Find the average flow velocity for a pipeline
using equation 7-54.

Given: D=4inchesand q, = 350 gallons per minute
(350)

V. :(L4085LTZ7J
= 8.94 fps

Several design and operating factors for flushing that
need to be considered are:

* lateral material—thinwall drip tapes or heavy-
walldrip tubes. PCornon-PC

lateral installation depth—surface or SDI

pump capacity and pressure—standard pump
or variable speed pump, standard or adjustable
pressureregulators

water supply capacity—reservoirs, wells, or
district turnout

flushing design—singlelateral flushing or flush-
ing manifold

mode and schedule of operation-—manual flush-
ing or automated flushing

pressure losses within system—manifold, main-
line, submains, lateral, flushing valve, or mani-
folds, change in elevation, change in emitter
discharge rate with pressure

disposal of flushing water

Aflushing system canbe designed in anumber of
ways. It can range from an ideal system, which might
include heavy wall PC drip line with a variable speed
pump and an automated flushing manifold system that
discharges flush water into a storage reservoir for later

reusetoaverybasic system with a manual flow con-
troland manually flushingindividuallaterals with flush
water applied to the field.

Asanexampleusethe“worst-case”scenario, assum-
ingthatifitcanbe designed and operated success-
fully, the other less requiring designs will be workable.
Select a 5/8-inch (16 mm) drip-tape lateral (using Burt
and Styles 1994) withadischarge Q=0.22 gallons
perminuteper 100feet(0.8331./30.4m),at8psi(55.2
kPa), a lateral length of 500 feet (152 m) long, emitter
flowrate exponentx=0.5,soilslope=0,and aflushing
velocity of 1 foot per second (0.304 m/s) and a down-
stream pressure of 3 psi (20.7 kPa). Using the relation-
shipinfigure 7-89, we can determine the relative inlet
flow for flushing (flushing flow/normal flow) equals 1.78
or a 78 percent increase in flow rate during flushing.
Thisis a large increase in flow requirement, which the
water supply and pumping station must be able to sup-
ply. Iflaterals are flushed one at a time, this is a small
flow requirement (0.22 x 5 x 1.78 =1.96 gallons per min-
ute (7.42 L/min), an increase of 0.86 gallons per minute
perlateral (3.251 L/min)), but if a manifold of 50 laterals
isused, thisis a 43 gallons per minute (162,755 L/min)
increase in flow. Using figure 7-89, if the inlet pressure
isincreasedto 12psi(82.8kPa), therelativeinletflow

Figure 7-89 Relative flowrequirements during flushing

s for low flow tape. ID=0.625in(15.9 mm),
Q=0.22gal/min/100ftat8and 12psi(1.64
L/h/m at 55 and 83 kPa) inlet pressure
(adapted from Burt and Styles 1994)
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isreduced to 1.4 or a 40 percent increase in flow rate
during flushing. This indicates that, depending on the
typeofflush manifold used, the supply manifold would
need tobe designed based on the conditions during
flushing rather than normal operation. This could be
thecasewiththedesignof many MI systems.

With SDI, flushing is more critical, so manifolds are
almost always necessary. Single lateral flush valve
can be used, but require frequent maintenance and
replacement since they are exposed to animals, van-
dalism, and the environment (fig. 7-90). Flushing mani-
foldscanbe designed and installed below the level

of the drip laterals to flush several laterals together.
The flushing manifold system can and should be auto-
mated, and flushing can be scheduled as frequently as
necessary. Flushing manifolds are also advantageous
inbalanceflow and pressurefortheirrigationblock
and supply water from both sides of the block in case
oflateral pinching orblockage. Afull design example
ofaflushing manifold willbeincludedinthe example
section of system design.

Figure 7-90 Exampleofendoflineflushingvalves

e
vald

(f) Economic pipe size selection

The economicsofdripirrigationisimportanttoman-
agementinmodernagriculture. Theessenceofeco-
nomic selection of pipe size for a mainline is to find
the minimum sum of fixed costs plus operating costs
on either a present-worth or annual basis as presented
pictorially in figure 7-91. Usually it is sufficient to rep-
resent this sum by the cost of the pipe in place and the
energy cost (in terms of the fuel required by the pump-
ing plant) of pressure lost in pipe friction.

Although the selection of economical pipe sizesis an
important engineering decision, it is often given in-
sufficient attention, especially in designing relatively
simple irrigation systems, because the methods of
selection are considered too time consuming, limited,
or complex. The economic pipe size selection chart
(fig. 7-92) was developed to simplify the pipe-sizing
processformanifoldsand mainlinesfor PVC pipe with
lowest standard dimension ratio (SDR) (or pressure
rating) IPS pipe sizes.

Figure 7-91 Influence of pipe size on fixed, power, and

messssss—— totalcosts

Cost ——

Pipe size ————»
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(1) Life expectancy costs

Todetermine the most economical life expectancy

cost of a system, find the minimum fixed-plus-operat-
ingcosts. Visualizethe problemby thinkingofselect-
ingthediameterofawater supplyline. Ifavery small
pipeisused, theinitial cost will be low, but the operat-
ing (energy-for-power) cost for overcoming friction
lossesinthe pipewillbelarge. Asthe pipe diameter
increases, the fixed costsincrease, but the power costs
decrease. The optimum pipe size, where the sum of

thefixed costs plus power costsis at a minimum,is
illustrated in figure 7-91.

The concept of value engineering represented by
figure 7-91 can be used for the life expectancy costs

of more complex systems by taking into account all of
the potential fixed costs such as various types of basic
hardware, land preparation, mechanical additions, and
automation. These fixed costscanthenbe added to
thefullsetofoperating costs,including energy,labor,
maintenance, and management.

Figure 7-92 Economicpipe size selection chartfor polyvinyl chloride thermoplasticiron pipe size (IPS) pipe
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The life-expectancy cost canbe analyzed on a capital
value or on an annual value. In either analysis, the
interestrate (i), the expected life of the item (n), and

the estimated annual rate of increase in energy costs

(r) mustbeconsidered. Table 7-25lists thenecessary
factorsforeitherapresent-worthoranannuallife
expectancy cost analysis, assuming a 9 percent annual
risein energy costs, for 10to 25 percentinterestrates
and 7- to 40-year life expectancies.

The present worth factor of the rising energy cost
[PW(r)] and the equivalent annual factor of the rising
energy cost [EAE(r)] were computed by equations 7—
55and 7-56 for r doesnot equali.

r) - i) [ ]
pw | (L= |1
r (1—r)—(1+1) | |_(1+1) |

J J (eq. 7-55)

and

H(1+r)“_(1+i)“F 1

| N |
EAE )= +r)—-(1+1) X
Lyl

(eq. 7-56)

The standard capital-recovery factor (CRF) was com-
puted by equation 7-57.

) i(1+1)"

CRF=——
(1+1) -1 (eq. 7-57)

Intheconsideration oflife-expectancy cost, the time

value of unsecured money to the developer should be
used as the appropriate i value in equations 7-55, 7-56,
and 7-57. This rate is normally higher than bank inter-

estratesbecauseofthehigherrisksinvolved. Forun-

Table 7-25  Present worth and annual economic factors for an assumed 9% annual rise in energy costs with various interest
e rates and life expectancies
Interest Factor value with indicated life expectancy (n), years
@), %! Factor 7 10 15 20 30 40
PW (9%)> 6.193 8.728 12.802 16.694 23.964 30.601
EAE (9%)? 1.272 1.420 1.683 1.961 2.542 3.129
10 CRF* 0.206 0.613 0.132 0.118 0.106 0.102
PW (0%) 4.868 6.145 7.606 8.514 9.427 9.779
PW (9%) 5.213 6.914 9.206 10.960 13.327 14.712
15 EAE (9%) 1.253 1.378 1.574 1.751 2.030 2.215
CRF 0.240 0.199 0.171 0.160 0.152 0.151
PW (0%) 4.160 5.019 5.848 6.259 6.566 6.642
PW (9%) 4.453 5.615 6.942 7.762 8.583 8.897
EAE (9%) 1.235 1.339 1.485 1.594 1.724 1.781
20 CRF 0.277 0.239 0.214 0.205 0.201 0.200
PW (0%) 3.605 4.193 4.676 4.870 4.979 4.997
PW (9%) 3.854 4.661 5.449 5.846 6.147 6.224
EAE (9%) 1.219 1.306 1.412 1.479 1.539 1.556
25 CRF 0.316 0.280 0.259 0.253 0.250 0.250
PW (0%) 3.161 3.671 3.859 3.954 3.995 4.000
1 Interestinthetimevalueofunsecured moneytothe developer
2 PW(9%)isthe present-worth factor of the rising cost of energy, taking into account the time value of money over the life expectancy
3 EAE(9%)istheequivalentannualfactoroftherisingcost ofenergy, takinginto account the time value of money over thelife expectancy
4 CRFistheuniform-seriesannual payment (capitalrecoveryfactor), takingintoaccountthetimevalueof moneyandthe depreciationof
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secured agricultural developments, the interest rates
of high-grade, long-term securities should be doubled
unless special tax benefits are involved.

Thenofproperlydesigned andinstalled PVC pipe
should be 40 years. However, because of obsoles-
cence,nvaluesof 20 orless are frequently used. The
number of brake horsepower (BHP) hours per unit of
fuel that can be expected from efficient power unitsis
asfollows:

15.0BHPh/U.S. gal (2.955 kW-h/L)

10.5 BHPh/U.S. gal (2.069kW-h/L)
(water cooled)

Tractor fuel: 8.5 BHP h/U.S. gal (1.675 kW-h/L)
Butane-propane: 9.5 BHPh/U.S. gal (1.872kW-h/L)
8.5 BHP h/100 £t*(0.075 kW-h/m?)
1.2 BHP h/kWh @ electrical meter

Diesel fuel:

Gasoline:

Natural gas:
Electricity:

From table 7-25, some interesting observations can be
made concerning thelong-term effects of rising energy
costs:

* Low 1values de-emphasize high first costs, as
indicatedbylow CRF.

Lowivaluesemphasizerising energy costs,asin-
dicated by high PW (9%) and EAE (9%),buthave

less effect on constant energy costs, asindicated

by PW (0%).

High i values emphasize high first costs, but de-
emphasize energy costs.

Long useful life de-emphasizes high first costs,
but emphasizes energy costs.

Risingenergycostshaveamaximum effect when
iislow and nishigh.

Therelative effect of rising vs. constantenergy
costs can be observed by comparing PW (9%) to
PW (0%) or EAE (9%) to EAE (0%) = 1.0 for any
nandi.

Thefactorspresentedintable 7-25canbe used with
the present annual power costs (E) and the cost of the
irrigation system (C) to estimate the:

present worth of the rising (9% per year) annual
energy cost, E x PW (9%)

* equivalentannualcost(E") oftherising (9% per
year) energy cost E x EAE (9%)

+ annual fixed cost of the irrigation system,
CxCRF

present worth of the constant energy cost, E X
PW (0%)

annual cost of the constant energy cost, E

present worth of the irrigation system, C

(2) Economic pipe selection charts

Figure 7-92 was developed for PVC thermoplastic pipe
with SDRof32.50r 125 psi(224.30or 862.5kPa). The
solid and dashed vertical lines, respectively, represent
5to 7 feet per second (1.52 to 2.13 m/s) velocity limi-
tations. The chart canbe adjusted for a given set of
economic conditions and entered to directly select the
mosteconomical pipe sizes for nonlooping systems
with a single pump station. The following example
demonstrates how the chart is constructed, so that
charts for PVC pipe of other sizes or wall thicknesses
canbe developed.

Step1: Assume: costrecovery factor (CRF) is
0.100, cost per water horsepower per year (C whp)
is$100,and PVC pipe costis $1 per pound ($2.205/
kg). Obtain the ID and weight per foot (m) of
pipeofeach size being considered. Thisexample
showsconstructionoftheline separating the 3-
and 4-inch (76.2 and 101.6 mm) regions. The ID
andweightof3-inch (76.2mm) SDR 32.5pipe are
3.284 inches (82.4 mm) and 74.2 pounds per 100
feet(1.108kg/m),respectively,and those of 4-inch
(101.6 mm) SDR 41 pipe are 4.280 inches (108.7
mm) and 98.4 pounds per 100feet. (1.470kg/m),
respectively.

Step 2:  Determine the yearly fixed-cost differ-
ences between adjacent 3- and 4-inch (76.2 and
101.6 mm) pipes with CRF being 0.100:

0.100($98.4 - $74.20) = $2.42/100 ft ($0.08/m)
Step3: Determine the water horsepower savings
needed tooffset the annual fixed-cost difference

between adjacent 3- and 4-inch (76.2 and 101.6
mm) pipeswith C , = equaling $100:

$2.42

—0.0242 whp/100 ££(0.0008 whp/m
$100.00 P ( p/m)
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Step 4: Assume a convenient system flow rate
(Q) and compute the difference in head loss
between the adjacent pipe of different sizes (h e b))
neededtoobtainthe water horsepowersavings
computedin step 3. Assuminga Q "of 100 gallons
perminute (378 L/min) forthe 3-and 4-inch (76.2-
and 101.6 mm) pipe sizes:

0.0242 whp/ft x 3,960

hf(s,4) =

100 gal/min
=0.958 ft/100££(0.00958 m/m)

Steps:  Determinetherate of pipe flow that will
producetherequiredh, , between adjacent pipe of
different sizes. These flow rates canbe determined
by trial and error with head loss gradient (j) values
from calculation of pipe friction loss at emitter dis-
charge (q) =95 gallons per minute (360 L/min):

h
h, . :_m;__m
(=) = 100t ~ 100 ft

h ):1.34—0.38:O.96ft/100ft(0.0096m/m)

£(3,4

Step 6:  PlotthepointsrepresentingtheQused
in step 4 and q found in step 5 onlog-log graph
paper as in figure 7-92. For the 3- and 4-inch

{16:3oand &1 SommhTons pipssin thizs¥auRkn)

andqis95 gallons per minute (360 L/min).

Step7: Drawalinewith aslopeof—1.80through
each ofthe points plotted in step 6. These lines
representthesetof qvaluesthatgivethesame
fixed-plus-operating cost with adjacent sizes of
pipe forvarious Q values. Each pair oflinesde-
finesthe region in which the pipe size common to
both lines is the most economical size to use.

Step 8: Drawasetofverticallinesthatrep-
resent the q that would give a velocity of 5 feet
per second (1.52 m/s) for each pipe size. For the
3-inch (76.2mm) pipe, thisis 132 gallons per
minute (500 L/min), which is represented by the
solidverticalline separatingregions 3and 4 of
figure 7-92. Since velocity restrictions override

economic considerations, the vertical line defines
the boundary between the 3- and 4-inch (76.2 and
101.6 mm) piperegions ataflow rate of 132 gal-
lons per minute (500 L/min). The dashed exten-
sions are for velocities of 7 feet per second (2.128
m/s).

The economic pipe selection chart for PVC thermo-
plastic IPS pipe with minimum acceptable SDR rating
(fig. 7-92) isbased on pipe cost at $1 per pound ($2.21/
kg). thp 1s $100, and CRF 15 0.100. The negative slop-
inglinesrepresentallthepossible Q versusqvalues
foreach of the adjacent pairs of pipe sizes that will
givethe same sum of fixed costs plus operational
costs. Thezonebetween adjacentlinesdefinesthe
region of Q versus qvalues when the pipe sizethatis
common to both lines is the most economical selec-
tion. Figure 7-92 is universally applicable for the most
economical selections of pipe size in any sized series
system forthe economicboundary conditions used.
Usesofthischartfor manifoldand mainlinedesignare
presented for drip and spray systems.

Touse figure 7-92 for a system with various economic
factors, the total system capacity, (Q), mustbeadjust-
ed to compensate for various C and CRF values. To
dothis, firstcomputethe C | by equatlon 7-58.

(0 )(P.)(EAE,)

E)(BHPﬂ

(p/)

| | (eq. 7-58)

where

Conp = cost per water horse power, dollars

0, = average pump operating time per season,
h,eq. 7-43

EAE = theequivalentannualcostfactorofthe
rising energy cost, taking into account the
time value of money and depreciation of
equipment over the life expectancy, table
7-25 or eq. 7-56

P = unit cost of power, $/kW-h

E, = pump efficiency

BHP = brake horsepower (kW)

p = unit of power
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Next, determine the system flow-rate adjustment fac-
tor (A) by equation 7-59.

0.001C
whp
A =7"-70
(CRF)(P,) (eq. 7-59)
where:
A = systemflowadjustmentfactor
CRF = capitalrecovery factor, table 7-25oreq. 7-57
P = pipe cost, $/1b ($/kg)

c

The system flow rate for entering the economicchart
(QS'), gallons per minute,is computed by equation 7—
60.

Qs’ = Ast’ (eq. 7-60)

where: _

Q" =adjusted flow rate, gal/min (m?*h)

Q, = system flow rate under consideration, gal/min
(L/min)

The constant 0.001 in equation 7-59is the number that
gives Af =1 with the economic factors used in devel-
oping figure 7-91. For economic pipe size selection
charts developed from other economicfactors, the
constant must be changed sothat A is 1forthe C_
CRF, and pipe cost per unit used.

Theprocedure using the economic designchartand
mainline design strategy involves the following:

Step 1:  Enter the vertical axis of figure 7-92
with Q *, and select an economic pipe size for the
qin each section of mainline pipe. (To hold veloci-
tiesbelow 5 ft/s (1.52 m/s), stay within the solid
vertical boundary lines.)

Step 2: Determinetheheadlossfrom pipe
friction (h) in each section of pipe by equations
7—49aor 7-49b.

Step3: Compute the pressure head required to
overcome pipefriction pluselevation difference
betweenthe pump andeach manifoldinletat
m[(H,) ], feet (m) by equation 7-61.

(H.) :ithEl
1

(eq. 7-61)

where:

th = sum of the pipe friction losses between the
! pump and manifoldinlet at m, ft (m)
AEl = differenceinelevation between the pump

and manifold m (+is uphill to manifold and
—is downhill), ft (m)

Step 4:  Once the (H,) hasbeen determined for
the critical manifold, the size of other mainline
branchescanoftenbereduced. Other prospects
forreduction are sections of mainline thatcon-
nect points that are downstream and have lower
elevations than the critical manifold. The exact
length of the smaller diameter pipe that will
increase the head loss between two points by a
specified amount (Ls) canbe computed by equa-
tion 7-62.

AH

L=——
hfs _hﬂ

(eq. 7-62)

where:

L, =requiredlengthofsmallerdiameterpipe,ft (m)

AH =desired pressure head increase between two
points, ft (m)

h, =headlossgradientofthe smaller pipe, ft/ft
(m/m)

h, =headlossgradientofthelarge pipe, ft/ft (m/m)

fl

(9) Lateral line design

This section presents the procedures for determining
lateral characteristics, such as flow rate and inlet pres-
sure,location, and spacing ofthe manifolds, thatin
effect set the lateral lengths and estimated differences
in pressure within laterals.

(1) Characteristics
Several general characteristics of laterals are impor-
tant to the designer.

Length—When twolaterals extend inopposite direc-
tionsfrom a common inlet point on a manifold, they
arereferredtoasa “pairoflaterals.” Forexample, the
laterals in figure 7-86 are paired. The length of a pair
oflaterals (1) is equal to the manifold spacing (S ). The
length of asinglelateral that extendsinonly one direc-
tion from a manifoldis designated by 1.
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Flow rate—The flow rate of a lateral (q ) can be com-
puted by equation 7-63.

1 q nq

e a

T8 60" 60

(eq. 7-63)

where:

q, = lateral flow rate, gal/min (L/m)

1 =length oflateral, ft (m)

S, =spacingofemitterson thelateral, ft (m)
n, =number of emitters along the lateral

q, =average emitter flow rate, gal/h (L/h)

Inlet pressure—Sometimes itis useful to know the
inlet pressure required by the average lateral in a sys-

tem. The average emitter pressurehead (h )iscomput-

edastheheadthatwill give q. The general location

of the average emitter that ylealds q at h is between
/L =0.60 and x/L = 0.62 for constant-diameter laterals
measured from the downstream end of the lateral. Fur-
thermore, aboutthree-fourthsoftheheadlossoccurs
between the average emitter and the inlet, where the
flowisgreatest. Asflowinthelateral decreasesbe-
cause of water being discharged through the emitters,
thehead-losscurveflattenssothatonly aboutafourth
ofthetotalloss takes place between the average emit-
ters and the end.

Theinlet pressurehead (h) thatwill give h for a pair

of constant-diameter laterals withL=8 lald ona

uniformslopecanbe computedbyequatlons 7-64a
and 7-64b.

h h +0.75h ZK+(1 Z)K—| (AE\(ZZ 1)

a fp _I L 2
(eq. 7-64a)

where:

h =lateralinletpressure, ft(m)

K =3.852for Hazen-Williams equation and 3.75 for
Keller equation

h, =frictionlossinalateral withlength L, ft (m)

z =location oftheinlet tothe pairoflateralsthat
gives equal minimum pressures in both uphill
and downhill members (expressed as the ratio

= el R P e

two ends of the pair of laterals, ft (m)

Forlevelfieldsthisreduces Igoi )

= ,+075 ,(0.5) = ,+0.11

1

(eq. 7-64b)

where:
K =2.852for Hazen-Williams equation and 2.75 for
Keller equation

Fora single nonpaired constant-diameter lateral laid on
uniform slopes, h can be computed by equation 7-64c,

h=h_ 3h
! E‘+Tf+A—El (eq. 7-64c¢)

andthepressurehead attheclosed end of the lateral
(h) canbe computed by equation 7-65a or 7—65b.

h —h (h, +AED
S

h,=h,—(h, +AEl)

(eq. 7-65a)
(eq. 7-65b)

where:

h, =pressureheadattheclosed endofthelateral,
ft (m)

h, ~=averageemitterpressurehead, ft (m)

h ~=lateralinletpressurehead,ft (m)

hr =headloss from pipe friction, ft (m)

AEl= chan%e inelevation (+forlateralsrunning
uphill from the inlet and —for laterals running

downhill, ft (m))

Tapered laterals—Usually, constant-diameter laterals
areusedbecausetheyareconvenienttoinstalland
maintain, but tapered laterals may be less expensive.
Taperedlaterals are sometimes used on steep slopes
where the increase in pressure from the slope would
resultintoomuch pressure attheend.

Ifalateral were tapered sothatthe frictionloss per
unit length were uniform throughout, the average pres-
surewould occuratthe midpoint.Insuch alateral, the

term (3h/4) in equation 7-64c would be changed to
h/2. It isimpractical touse more than two pipe sizes;

tlgerefore when calculating h for a tapered lateral,
3h/4with 2h/ t W
replacgsh/awi %1%5%‘%‘%%5 R
by equation . ;
Fortaperedlaterals,h mustbecomputedinathree-
stepprocess:

(210-VI-NEH, October 2013)



Chapter 7 Microirrigation

Part 623
National Engineering Handbook

Step1: Computeh byequation 7-52forthe full
length of the lateral that has the larger diameter
pipe.

Step 2:  Computeh,valuesforboththelarge-

and small-diameter pipes for a lateral length equal

to the len%lt_h of small-diameter pipe and deter-
mine the difference between these values.

Step3: Thehforthetaperedlateralwillequal
theh foundin step 1 plus the differencein the
two h,values found in step 2.

Incomputingh fortaperedlaterals,allthecompu-
tations involving equation 7—47 (and those using
monographsorsliderule calculators) mustinclude
the closed end of the lateral or manifold. This must
be done because use of the reduction coefficient (f)
involves the assumption that the discharges from
alloutlets areequal, and nowater flowsbeyond the
last outlet of the pipe section being considered. For
further details on design of multioutlet pipeline, see
NEH623.0711(h).

(2) Location and spacing of manifolds

On fields where the average slope along the laterals
islessthan 3 percent,itisusually mosteconomical

to supply laterals to both sides of each manifold (the
3% sloperestriction doesnotapplyif PCand PC-CNL
dripper lines are contemplated). The manifold should
bepositioned sothat, starting from acommon mani-
fold connection, the minimum pressuresin the pair of
laterals (one to either side of the manifold) are equal.
Thus,onlevelground, thepairoflateralsshould have
equallengths (1) and the manifold spacing (§ ) =21=
L.

Ifthe ground slopes alongthelaterals (rows), the
manifold should be shifted uphill from the centerline
(again, the sloperestriction doesnotapplyif PC and
PC—-CNL dripper lines are contemplated and the lateral
pressure is maintained within the range of pressure
compensation). The effectis to shorten the upslope
lateral and lengthen the downslope lateral so that the
combination of pipefrictionloss and elevation dif-
ferenceisinbalance. The amount of the shiftcan be
determined either graphically or numerically.

The spacing of manifoldsis a compromise between
field geometry and lateral hydraulics. As practical
limits for preliminary design purposes, lateral pres-
sure head differences (Ah) can be limited to half of the

allowable subunit pressure head variations (0.5 AHS)
where the manifold plus attached laterals make up a
subunit. TheAhforagivenS_andsetoflateral specifi-
cationsisaboutthe sameforlateralsonlevelfields as
forlaterals with slopesofas much as 2 percent. This
observation helps in computing the S andin design-
ingthelayoutofthe pipeline network. For simplifica-
tion,thedesign procedureisbasedonlateralsthat
have anaverage emitterflow rate (q).

Manifold spacing (S ) in orchards should be such that
adjacent manifolds are awhole numberoftree spac-
ings (S) apart. Furthermore, itis most convenient to
havethesameS throughoutthefieldinallcrops.The
procedureis as follows:

Step1: Inspectthefieldlayout,andselectarea-
sonable S_in accordance with the criteria listed.

Step 2: Determine the lateral pipe friction loss
(h) withlateralshalfaslongas S _(eq. 7-51and 7—
52).

Step3: Assume that h, equals the pressure head
difference alongthelateral (Ah),i.e.,thefieldis
level, and compare the latter with 0.5 times the
allowable subunit pressure head variation (Ahs)
(eq.7—41).If Ahismuchlargerthan0.5 Ah,S
should be decreased. Ifitis much smaller, S , may
be increased.

Oncethefrictionlossforagivenlength of lateral has
been computed, thefrictionlossfor any otherlength
oflateralcanbe computedbyequation 7-66a, whichis
arearrangement of equation 7-53.

K
() =0 (1)
: (eq. 7-66a)
where:
K = 2.852 for Hazen-Williams equation
and 2.75 for Keller equation
L, andL, = original and new lateral pipe

length, ft (m)
(hf)a and (hf)b = original and new lateral pipe fric-
tion losses, ft (m)

Conversely,thelength oflateral (Lb) thatwill giveany
desired (h), canbe computed by equation 7-66b.
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a (eq. 7-66b)

where:

K =0.35for the Hazen-Williams equation and 0.36
for the Keller equation

Location of manifolds—On levelfields, laterals should
extend anequallength (1) to eitherside of the mani-
folds sothat 1 equals halfthe manifold spacing (S /2).
Onslopedfields,the manifolds should be shifted uphill
fromthecenterline ofthe subunits, asshowninfigure
7-50.Thelocation of the manifold that will give the
same minimum and maximum pressures in the uphill
and downhill laterals can be determined.

Figure 7-93 shows the dimensionless terms used in the
following computation:

Step1: Determineh and Fforasinglelateral
equalinlengthto S,
Step 2:  Findthetangentlocation (y) by equation

7—67 when the absolute elevation difference in the
lateral, AE<h.IfAE>h,then Y=1.Thisis the
ratioof x/Liwhere the friction curveis tangent to
the ground, figure 7-93.

K
Y= ( F AE)
By (eq. 7-67)
where:
Y =ratioofx/Lwherethefrictioncurveistangent
totheground

AE = absolute elevation difference, ft (m)
F = multiple outlet factor
h, =lateralfrictionloss, ft (m)

K =0.54for the Hazen-Williams equation and 0.57
for the Keller equation

Step3: Determine the optimum x/L (z) that sat-
isfies equation 7-68. Keller and Bliesner (1990).
AE [AET K2
- z zZ
L OO0 60
f LR (eq. 7-69)

|
T

yheg%'ptimum manifoldlocationthatwillgivethe

same minimum and maximum pressures in the

uphill and downhill laterals

K1 =1.54 for the Hazen-Williams equation and 1.57
for the Keller equation

K2 =2.75for the Hazen-Williams equation and 2.852
for the Keller equation

To satisfy the equation, first determine the quantity on
the left, and then by trial and error find the appropriate
x/Livalue that will satisfy it. Table 7-26 provides anoth-
er method of estimating the optimum manifold posi-
tion without an iterative procedure and still provides

a reasonably accurate solution (Keller and Bliesner
2000).

Step 4:  For laterals on relatively mild slopes, the
maximum pressure head variation Ah along a pair
of laterals can now be determined from the x/Lor
z value that represents the actual manifold loca-
tion selected by using equation 7-69 (Keller and
Bliesner 1990).

Figure 7-93 Sketch showing relationship between
messssssmm  manifold position and lateral hydraulics for a
paired lateral

h, + Ah,

Friction curve \

Manifold
position

Tangent ]

point : _T_
N % L

| -
| | UTOUIIU IITIE
|« Y pre —>|

zZ 1-z
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AthE(l—z)+hf(1—Z)K (eq. 7-69)
where:

K =2.852for Hazen-Williams equation and 2.75 for
Keller equation

For steep slopes, the maximum Ah may occur atthe
closed end of the lateral. To check for this possibility,
determine the difference (Ah ) between the down-

stream-end and minimum 2pre sure heads by equation
7-70 (Keller and Bliesner 000%.

&, =AE(Y)-h,(¥)" (eq. 7-70)

where:
K =2.852for Hazen-Williams equation and 2.75 for
Keller equation

(8) Pressure difference

The pressure head difference (Ah) along the laterals
must be known for estimating the final emission uni-
formity (EU) ofthe system. As mentioned before, Ah
should be about 0.5 times the allowable subunit pres-
sureheadvariation (AHS) orless. Methodsforcomput-
ing Ah are statedin step 4 for manifold positioning.
However,for somedesigns, the manifold placement
isdictated by otherconsiderations and Ah mustbe
determined by some other means.

Table 7—26  Best manifold position zon sloping field.
Hoses go uphill and downhill from manifold
expressed as a ratio of the downhill lateral to L
AE z AE z
b, by
0.0 0.5 1.0 0.85
0.1 0.56 1.2 0.89
0.2 0.60 14 0.92
0.3 0.65 1.6 0.94
0.4 0.69 1.8 0.96
0.5 0.72 2.0 0.98
0.6 0.75 2.2 0.99
0.7 0.78 2.4 1.00
0.8 0.81 2.6 1.00
0.9 0.83 2.75 1.00

Forlaterals on downhill slopesoflessthan 0.3 per-
cent,level ground, or uphill slopes, Ah canbe assumed
equaltothelateralinlet pressurehead (h) minusthe
pressure head atthe closed end (h) and equations_
7-64and 7-65canbeusedto determine h1 and hc. This
worksfor a single or paired lateral. For steeper down-
hilllaterals, equations 7-64 and 7—65 are still valid as
long asthe slopeisfairly uniform. However, a differ-
ent procedure mustbe used toestimate Ah because
thehighestandlowest pressureswillnolongerbeat
hiand he Thisis the situation for both a single or a
pairedlateral. Amore detaildescriptionofthe sub-
jectcanbe found in the book written by Keller and
Bliesner, Sprinkle and Trickle Irrigation. This is appar-
entinfigure 7-93 wherethepressureislowestatthe
manifold position (z) =the tangent location (Y).

Usethefollowing steps to compute Ah for laterals on
slopes steeper than 3 percent.

Steps 1 through 3: Follow steps 1 through 3
abovefordeterminingthepositionforthe mani-
foldonslopingfields, exceptthattheequivalent
frictionloss should be determined for thelength
oflateralunderstudyratherthanforthe S

Step 4: For relatively mild slopes, the maximum
difference in pressure head (Ah) along the lateral
canbecomputedbyequation 7-71.

Ah=Ah =AEh, (eq. 7-71)

where:

h, =frictionlossfoundinstep 1
Equation 7-71 is the same as equation 7-70 with z=

1 because the manifold would be located at z=11in
figure 7-93, which is a dimensionless sketch showing
terms in the numerical solution of optimum position
for manifold.

Forsteep slopes, the maximum difference may occur
attheclosed end. Totest for this possibility, determine
the difference between the downstream and minimum
pressureheads (Ah) by equation 7-70.

(h) Manifold design

This section presents the procedures for determining
thecharacteristics of amanifold, flowrate, and pipe
sizestokeep withinthedesired pressurehead dif-
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ferential and inlet pressure needed to give the desired
average emitter discharge (g ).

Onfieldswheretheaverageslopealongthe manifolds
islessthan 3 percent,itisusually more economical

to install manifolds both uphill and downhill from the
mainline. Theinletfromthe mainlineshouldbe posi-
tioned sothatstarting from a common mainline con-
nection the minimum pressures along the pair of mani-
folds (one to either side of the mainline) are equal.
Thus,onlevel ground, the pairof manifolds should
have equal lengths. Where the ground slopes along

the manifolds (acrosstherows), the manifoldinlet
should be shifted uphill from the center. The effectis
toshortentheuphill manifold and lengthen the down-
hill manifold so the combination of friction losses and
elevation differences are in balance. This can be done
with the aid of a selection graph for tapered manifolds
and either graphically or numerically for single-pipe
size manifolds. The numerical procedure is similar to
that described for positioning lateral inlets.

The mainline layout is a compromise between field
geometry and manifold hydraulics. The allowable
manifold pressure head variation may be computed by
equation 7-72.

(AH, ) =AH_-Ab’

(eq. 7-72)
where:
(AH = allowable manifold pressureheadvaria-
tion
= the allowable subunit pressure variation,
AH ft (m)
Ah’ = thegreater of Ah or Ah , the lateral line

pressure variation, ft (m)

Forsimplification, the design procedureisbasedon
laterals with the average emitter flow rate (qa). Thus,
for manifolds serving rectangular subunits, the lateral
flow rate (q) is assumed to be constant.

(1) Characteristics

Manifolds are usually tapered and designed to use pipe
oftwo, three, or foursizes. Foradequateflushing, the
diameterofthe smallest pipe should benolessthan
halfthatofthelargestpipe. The velocity should be
limited to about 7 feet per second (2.13 m/s) in mani-
folds. Thisishigherthanthe5feet per second (1.52
m/s) used for mainlinesbecause theoutletsalongthe

manifold are alwaysopen, sowater-hammershockis
dampened.

Length—When two manifolds extend in opposite di-
rectionsfrom acommoninlet point, they are referred
toasa“pairof manifolds.” For example, the manifolds
servingblocksIandIlinfigure 7-86 are a pair.Ifonly
one manifoldisconnected ataninlet point, asinfigure
7-50, the design is termed a single-manifold configura-
tion.

The length of a pair of manifolds (L,) can be computed
by equation 7-73.

[(n) 18
L, |(n')p I (eq. 7-73)

length of a pair of manifolds, ft (m)

(nr)p number of row (or lateral) spacings served
from a common inlet point
S = row spacing, ft (m)

Thelength of a single manifold (L) is usually equal to
that computed by equation 7-74.

(1)
L= Ln’ - 2J S, (eq. 7-74)
where:
L =length of a single manifold, ft (m)
n_ =numberofrow (orlateral) spacings served by
the manifold
S. = row spacing, ft (m)

Inlet position—For optimal hydraulic design, the inlet
to pairs of manifolds should be located so that the
minimum pressure in the uphill manifold equals that
in the downhill manifold. However, field boundaries,
roadways, and topographic features such as drains,
structures, or existing facilities often dictate the loca-
tion of mainlines and manifold inlets. Furthermore,
sometimestheinlet mustbepositionedtobalance
system flow rates where manifolds making up pairs
are operated individually.

Obviously,forsingle manifoldstheinletlocationis
fixed. Where a pair of manifolds lies on a contour, the
inlet should be in the center of the pair. For pairs of
manifolds of a single pipe size serving rectangular sub-
units, the procedure for locating the inlet is essentially
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the same as that described for locating lateral-line in-

lets. To use the procedure outlined in NEH623.0712(a)

(2), Lateral line design, replace S withL,and selecta
m p

suitable pipe size so that the head loss for a manifold

withL, =L/2islessthantheallowable manifold pres-

sure V;riatri)on [(AHn)a].

The inlet location that will balance the minimum uphill
anddownhill pressuresisnotprecisefortapered man-
ifolds because it depends on the selection of pipe sizes
andlengths. Figure 7-94 was developed asaguideto
selecting the inlet location for tapered manifolds. The
use of this figure greatly simplifies the selection pro-
cess. For example, if the manifold is on the contour,
the average slope of the ground line (S), percent, =0;
therefore, the sloperatiois 0 and the distance from the
downhillend (x) =0.5 LL » Which is the center of the
pair of manifolds.

Properlocation oftheinlet to pairs of sloping mani-
foldscanincreaseboth uniformity and savings of pipe
costs. The pipecostsavingsresultfromreplacing the
larger diameter pipe attheinlet end ofthe long down-
hill manifold with the smaller diameter pipe used for
the short, uphill manifold.

Example
Given: (AHm)a =0.5ft for a pair of manifolds with
Lp =1,000ftand S=1%.

Figure 7-94  Graph forselectinglocation ofinlet toa pair
messssmsmm of tapered manifolds on a slope
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Solution: Using figure 7-95, the manifold inlet location
can be found as follows:
41(1000)

S
L
TOO( p) _ 100

(AHm_)a 5

slope ratio= —9

From figure 7-95, the downhill portion of the paired
manifoldisequal to0.75 x L; therefore,

L, =750 feet for the downhill manifold, and

L, =250feet for the uphill manifold

Ifthe manifoldis on the contour, the average slope
ofthe groundline (S), percent, =0; therefore, the
sloperatiois 0, and the distance from the downhill
end (x)=0.5 L, which is the center of the pair of
manifolds.

Inletpressure—Asarule,the main pressure control
(adjustment) points are at the manifold inlets. There-
fore, the manifold inlet pressure mustbe known to
properly manage the system and determine the total
dynamic head required. The manifold inlet pressure
head (H ) for subunits with single pipe size laterals
can be computed by equations 7-75a and 7-75b.

H_=h +AHm'

(eq. 7-75a)
where:
H = manifoldinlet pressure, ft (m)
h, = lateralinlet pressure that will give the aver-

age pressure head (ha), ft (m)

AH ' = difference between the manifold inlet pres-
sureand h, ft (m).Itcanbe estimated by
equation 7-76

For laterals with one tubing diameter on uniform
slopes,h canbedeterminedeitherbyequation 7—64a,
borc.

For tapered laterals:

H =h +AhW+AH '
moor " (eq. 7-75b)

where:

H = manifoldinlet pressure, ft (m)

h, = averageemitteroperatingpressure, ft (m)

Ah” = differencebetweenthelateralinlet pres-
sureandh, ft (m). For taperedlaterals, Ah’
should be estimated graphically
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Figure 7-95 Flowchartfortheselection and designofafiltration system
—
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AH_* = difference between the manifold inlet pres-
sure and h, ft (m). It can be estimated by
equation 7-76

AHm'=MH,+0.5xAE1

where:

M = 0.75 for manifolds with one pipe size

M = 0.6 for manifolds with two pipe sizes

M = 0.5 for manifolds with three or more
pipe sizes

(eq. 7-76)

(2) Estimating pressure loss from pipe
friction

The pressure head loss from pipe friction (H,) can be
estimated from the H of a similar manifold (orlateral)
by equation 7-77.

:(L_Z\ FSZ QE\LS f
() kw'ii)%(ql | )

(H), = estimate ofthe pressure headloss from
pipe friction for the manifold, ft (m)

pressure head loss from pipe friction for
the original manifold, ft (m)

length of pipe in the original manifold, ft
(m)

y length of pipe in the manifold for which
(H), isbeing estimated, ft (m)

friction adjustment factor for the original
manifold

(F), = frictionadjustment factor for the manifold

for which (H,), is being estimated

(eq. 7-77)

where:

N
T
N
1 1 1

~
BeS|
~—
-
1l

q, = flowrateinthe original manifold, gal/min
(L/min)
q, = flow rate in the manifold for which (H,),is

being estimated, gal/min (L/min)

Theestimated (Hf)2 willbe quite accurate aslong as

the proportionallengths ofthe various sizes of pipein
tapered manifolds remain constant and the difference
between (FS)1 and (Fs)2 isless than 0.25. If the lengths
and subunit shapes are the same, the discharges can
varyoverawiderange withoutreducingtheaccuracy
of the (H), estimate.

(i) Filter selection

The main purpose of filtration is to keep mainlines,
submains, laterals, and emitters clean and working

properly. The most common typesoffilters, their func-
tions,andrecommended useswereoutlinedintable
7-10. Before embarking on design of the filtration sys-
tem, questions regarding water source, water quality,
flow rate, type of MI system, and fertigation chemistry
need tobeconsidered. Inthe absence of manufacturer
data or recommendations, it is recommended that fil-
tration systemsbe designed toremove solidsequal to
or larger than one-tenth the emitter opening diameter
because particles may group together and bridge the
emitter openings. The flowchart in figure 7-95 should
be followed to guide selection and design of the filtra-
tion system. The filtration system selected should be
sizedtofiltertotal systemflowrate.

This section includes procedures for determining
selection parameters for a sand media filtration sys-
tem, such asflux, flow rate, tank size, and number of
tanks, needed to give the desired average contaminant
removal.

The flux (flow capacity per unit area) of a media filter
definesthe velocity of the flow of the water through
the filtering media (Sagi et al. 1995). The filter should
be sized for extreme contaminant loads and diversity
sothatitcanbeflushed asneeded and still deliverthe
flow rate needed for peak crop ET. Table 7-27 gives
flow rates through sand media filters for various fluxes
ﬁnd tank diameters. FOf DI and SDI, a typical design

uxisabout 20to 25 gallons per minuté per square
foot (L/min/m?). If space is available, additional par-
allel tanks canbe added toa mediafilter system, if
needed to increase system delivery capacity.

Knowing the desired flux, the tank diameter and the
irrigated block flow capacity, thenumberof tanks
required N canbecalculated:

QS
N, =

b (eq. 7-78)
where:
N, =minimum number of tanks
Q, =flowcapacity for thelargestblock, gal/min

(L/s)

t, =specifictank flowrate for a given diameter and

flux, gal/min (L/s)

Aflux of 25 gallons per minute per square foot (16.9
L/s/m?) is usually recommended, although higher flux-
eshavebeenused successfully. In certain cases where
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surface water quality may decrease gradually during
the season, it may be recommended to use a lower flux
(known as de-rating the filter), keeping in mind that
small diameter tanks require less backflush water.

Theflowrateacrossthesand mediumisanimportant
consideration in filter selection. Figure 7-25 shows the
effect of flow rate on the maximum particle size pass-
ing through a typical filter with media of various sizes.
Foragiven quality of water and size of filter medium,
the size of particles passing through increases with the
flowrate. Filter sandisgradedbyitseffective size and
its uniformity coefficient (table 7-28).

The mean effective sand sizeis the size opening that
will pass 10 percent of arepresentative sand sample
andisgiveninmillimeters. A mean effective size of
1.50 means that 10 percent of the sample is finer than
1.50 millimeters.

The uniformity coefficientis the ratio of the size open-
ing that will just pass 60 percent of a representative
sampleofsand dividedbythatopeningthatwill pass

just 10 percent of the same sample. A uniformity coef-
ficientof 1.5orlessis good forirrigation filter sand
grades (Boswell 1984).

The American Society of Agricultural and Biological
Engineers (ASABE) Standard S539 (ASABE 2003)
outlines testing and performance reporting for media
filtersforirrigation and maybeused whennoother
standardisavailable.

Thebackwashingof mediafiltersisdescribedin detail
in NEH623.0708. The filtration system must be sized
properlytoprovide therequiredbackwash flowrate
while continuing to supply sufficient filtered water for
the irrigation system. Table 7-29 shows the backwash
flow rates needed to sustain adequate filter backwash-
ing while irrigating. These data show that horizontal
tanks require a lower backwashing flow rate than the
vertical tanks, which may be an important selection
criteriawhentheflowrateisacritical factor.

Table 7-27

s andZazueta 1994)

Typical flow rates through media filters for various fluxes and tank diameters (adapted from Haman, Smajstrla,

FLUX-gal/min/ Tank diameter Tank diameter Tank diameter Tank diameter Tank diameter
ft2 (L/s/m? 18 in gal/min/tank 24 in gal/min/tank 30 in gal/min/tank 36 in gal/min/tank 48 in gal/min/tank
(460 mm L/s/tank) (610 mm L/s/tank) (760 mm L/s/tank) (910 mm L/s/tank) (1220 mm L/s/tank)
15(10.2) 27 (1.7) 47(3.0) 74 (4.7) 106 (6.7) 189(11.9)
20 (13.6) 35(2.2) 53 (3.3) 98 (6.2) 141(8.9) 251(15.8)
25(16.9) 44(2.8) 79 (5.0) 123(7.8) 177(11.2) 314(19.8)
30(20.3) 53 (3.3) 94 (5.9) 147(9.3) 212(13.4) 377(23.8)
Table 7-28  Characteristics of commercially available grades of media sand (after Boswell 1984)
—
Sand media number Mean effective sand  Uniformity Media type Filtration quality
size (mm) coefficient (mesh)
Number 8 1.50 1.47 Crushed granite 100-140
Number11 0.78 1.54 Crushed granite 140—-200
Number 16 0.66 1.51 Crushedsilica 140-200
Number 20 0.46 1.42 Crushed silica 200-250
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Table 7-29

(a) Backwash flow rate per vertical tanks, gallons per minute (L/s)

Minimum backwash flow rates, gallons/minute/tank (L/min/tank) by type of media needed to sustain adequate
(a) vertical tank and (b) horizontal filter backwashing while irrigating

Media type Tank diameter 18 Tank diameter Tank diam- Tank diameter Tank diameter 48 in
in (460mm) gal/min 24 in (610mm) eter 30 in 36in (910mm) (1220mm) gal/min (I/s)
Ws) gal/min (Us) (760mm) gal/ gal/min (I/s)
min (IUs)
Number 8 51(3.2) 91 (5.7 141(8.9) 201(12.7) 360(22.7)
Number11 26 (1.6) 48 (3.0) 74 (4.7 105 (6.6) 188(11.9)
Number 16 32 (2.0) 57(3.6) 89 (5.6) 126(7.9) 225(14.2)
Number 20 26 (1.6) 48 (3.0) 74 (4.7) 105 (6.6) 188(11.9)

(b) Backwash flow rate per horizontal tanks

Media type Tank diameter 18 in Tank diameter 24 Tank diameter 30 in Tank diameter 36 Tank diameter
(460mm) gal/min (Is) in (610mm) gal/ (760mm) gal/min(l/s) in (910mm) gal/ 48 in (1220mm)
min (I/s) min (I/s) gal/min (I/s)
Number 8 43 (2.7) 57(3.6) 71 (4.5) 86 (5.4) 114(7.2)
Number11 23 (1.5) 30 (1.9) 38(2.4) 45(2.8) 60 (3.8)
Number 16 28 (1.8) 36 (2.3) 46 (2.9) 54 (3.4) 72 (4.5)
Number20 23 (1.5) 30 (1.9) 38(2.4) 45 (2.8) 60 (3.8

() Flushing manifold and minimum
flushing velocity

Flushing of MI systems is required to control sediment
buildup in the mains, submains, manifolds, and laterals
and to prevent emitter clogging. The ASABE Standard
405.1, Design and Installation of MI Systems (ASABE
2003), recommends flushing the system weekly and
using a minimum flushing velocity of 1 foot per second
(0.3m/s). Filtration should be effective enough sothat
flushing events are not required more frequently than
once weekly.

There are several ways to flush MI systems either
manually or automatically:

+ Each lateral can be equipped with an automatic
pressure-dependent flush valve that opens when
the line pressure drops below a certain thresh-
old.Inthiscase, flushingoccursatthebeginning
and atthe end of anirrigation cycle and will
require a significant increase in pump flow rate.

Eachlateral can alsobeopened manually by the
irrigator,oneormorelateralatatime.

Flushing manifoldscanalsobedesignedto
accommodate several laterals and be operated
either manually or automatically.

This section addresses the design criteria of flush-

ing manifolds. Figure 7-96 shows a cross section of

a flushing manifold used with SDI systems. Friction
losses due to connectors, depth of the manifold, and
flush valve should be accounted forin the head loss
calculations. The flushing riser and valve assembly
canbelocated either at one end of the manifold, in the
center of the manifold when the manifoldislevel or
anywherealongthe manifoldinstalled onaslopeto
balance the pressure.

Drip lateral connections, flushing manifold, and valve
should be sized to minimize head loss and maintain
flushing pressure during flushing at about 3 psi (21
kPa as shown in fig. 7-89). A flushing manifold with
across-sectional area of 25 percent or more of the
sumofallthecross-sectional areaofthedriplateral
connections is sufficient to maintain a flushing veloc-
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ity of 1 foot per second (0.3 m/s) (Lamm and Camp,
inpress). Assuming a flushing velocity of 1 foot per
second (0.3 m/s), Lamm and Camp developed asimple
equation for calculating the flushing manifold diam-

eter.
Df = 0'5Dd‘/iid (eq. 7_79)

where:

D, =theflushinglinediameter,roundeduptothe
next available nominal pipe size, in (mm)

D, =thedripperlinediameter,in (mm)

N, =numberofdripperlinesflowinginthatbranch

of the flushing line towards the flush valve

Forcaseswheretheflushing manifoldislevel, the
flushingriser will belocated inthe middle of the
manifold, and an equal number of lateral lines will be
flowinginto each branch of the manifold. Thefriction
lossforalevel-gradeflushing manifold canbecalcu-
lated by equation 7-52.

h,=Fh

f fno outlets (eq. 7_52)
where:
h¢ = head loss from pipe friction, ft (m)
F = reduction coefficient to compensate for
the discharge along the pipe (from table
7-24)
= friction loss of a pipe with only one out-

fno outlets

let

For the complete flush valve assembly shown in figure
7-96, Lamm and Camp (2007) suggest that the flush
valve size D can be calculated using equation 7-80:

oot S

(PV \0.25 (eq. 7-80)
where:
D, =flushingvalvesize,in(mm)
K, =0.22for Englishunits(35.7metricunits) for
a branched flush valve (T-manifold) and 0.20

Figure 7-96 Suggestedflushing manifold design fora SDIsystem (adaptedfrom Phene 1999)
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(33.4) for the nonbranched (single-sided mani-
fold) flush valve

Q, =thetotalflowrate,gal/min, (L/s),throughthe
flush valve at a flushing velocity of 1 foot per
second (0.3 m/s)

P, =the allowable pressure loss, psi, (kPa), through
the flush valve assembly during flushing. P 0.5

psi

After equation 7-80 has been used to size the flush
valve, the actual pressurelosscanbecalculated by
rearranging equation 7-80 (Lamm and Camp 2007).

The design methods outlined in NEH623.0711(h),
Manifold design, can alsobe used to design more com-
plicated flushing manifolds using multiple size pipes or
other configurations to reduce flushline friction loss.

623.0712 Sample designs for
microirrigation

The following sample designs illustrate some of the
proceduresofthishandbook.

(a) Surface drip system for deciduous
almond orchard

The following drip system designisforatypical de-
ciduousorchard. Thedatathatshouldbecollected
before beginning a design are summarized in the drip
irrigation design data sheet (fig. 7-97) and the orchard
layout map (fig. 7-98). In addition to illustrating the
general process for designing a drip irrigation system,
the example emphasizes the following procedures:

Step 1:  Selecting the emitter or emission point
spacing (S), thelateral spacing (S), the duration
of application (T), the number of stations (N),
andtheaverageemitterdischarge (qa) andoperat-
ingpressure head (h).

Step 2:  Determining AH,, the allowable variation
inpressureheadthatwill producethedesired
uniformity of emission.

Step3: Positioning the manifolds and designing
the laterals (with both graphical and numerical
solutions) for sloping rows.

Step 4:  Designing the manifold and selecting eco-
nomical pipesizesforbothmanifoldsand mainlines.

Steps: Computing system capacity and total
dynamic operating-head requirements.

Step 6: Determining inlet flow and pressure
required to provide adequate flushing velocity.

(1) Design factors

Before designing the hydraulic network, the designer
must determine the type of emitter, the emitter flow
characteristics and spacing (S), average emitter dis-
charge (q), average emitter pressure head (h), allow-
ablehead variation (AHS), and hours of operation per
season (O ) The type of emitter used will greatly affect
the design and economics. For example, the use of a
PC emitter with a zero or near zero exponent (x) will
significantly simplify the design, but may increase the
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Figure 7-97 Drip system data for a deciduous almond orchard in the Central Valley of California

——
1 Project Name—Happy Green Farm
II Land and Water Resources
a Field no. #1
b Field area, acre (ha) A 115.68
c Average annual effective rainfall, in (mm), R | 3.7
d Residual stored soil moisture from off-season precipitation, in (mm), W _ 0
e Water supply, gal/min (L/s) 1000
f Water storage, acre-ft (ham) e
g Water quality (dS/m) EC " 1.4
h Water quality classification Relatively high salinity (fig. 7-15)
IIT  Soil and Crop
a Soil texture Siltloam
b Available water-holding capacity, in/ft (mm/m), WHC 1.8
c Soil depth, ft (m) 10
d Soil limitations None
e Management-allowed deficiency (%), MAD 30
f Crop Almond
g Plant spacing, ft X ft (m x m), Se X ST 24 %24
h Plant root depth, ft (m), RZD 6
i Averagedaily peak ET rateforthe month of greatest overall wateruse,in/d 0.30
(mm/d), ET,
j Seasontotal cropconsumptive-userate,in (mm), ET, 36.74
k Leaching requirement (ratio), LR 0
IV Emitter
a Type Vortex
b Outlets per emitter 1
¢ Pressure head, 1b/in? (kPa), h 15.0
d Rated discharge@h, gal/h (L/h), q 1.0
e Discharge exponent, x 0.42
f Coefficient of variability, CV 0.07
g Discharge coefficient, k | 0.32
h Connectionloss equivalent, ft (m), f . 0.4
1 Spacing between emitters along a lateral, ft (m), S . 6.0
j Emitter orifice diameter, in (mm) 0.02
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Figure 7-98 Orchard layout showing pump, mainline, and submains

|
Pump
\4 Qs =822.5 gal/min (51.9 IPS)
548 gal/mmS 247 gal/min
i} (34.6 Lis) (17.3 Lis)
A E
Lm=648ft 411 gal/min Lm=648ft 137 gal/min
(197.5 m) (25.9 L/s) (197.5 m) (8.6 Lfs)
B F
o Lm=648ft 247 gal/min
S| (197.5m) (17.3 Lls)
S
Q
&
5 C
Lm=648ft 137 gal/min
(197.5 m) (8.6 L/s)
Y N
D

Figure 7-99 Orchard layout with sample design for a drip irrigation system. (Lateral lines are 0.58-in (14.7 mm) polyethylene
(PE), manifolds are SDR 26 polyvinyl chloride (PVC), and mainlines are SDR (41 PVC)

|
Pump
X Q.=822.5gal/min (51.9L/s)
A 81in (200 mm) :I: j%
9201t (280.5m) ' ' 1&:
A
A A
NN ') o O
| E —_ o | S - f‘é
3|2 g 2=
g e 8 g E|®
E ~ 8 —~ |
E @ S “1=]  Laterals —/
T o v
v <
OIS
< 54 rows + 24 ft (7.3 m) road —pl¢——— 54 rows + 24 ft (7.3 m) road —|
NEEY
o
()
2 144ft,1-1/2in
7 240 ft 3in (43.9m, 38 mm)
(73.2m, 76 mm)

54 trees

Lm=6481t
(197.5m)

96f1:,2'1/2inj t 168ft, 2in

(29.3 m, 63 mm) (51.3m, 50 mm)

Manifold detail

(210-VI-NEH, October 2013)

7-137



Chapter 7

Microirrigation

Part 623
National Engineering Handbook

7-138

costofthesystem. Thefinallayout, emitter,and spac-
ingselected for thisexampleisshowninfigure 7-99.

Thestepsfordeveloping thesefactorsareoutlinedin
the MI design factors sheet (fig. 7-100). This data sheet
servesasaguide and provides a convenient place to
record results of the various trial and final computa-
tions.

Field observations of drip irrigation systems in the
same area have shown that the wetted diameter pro-
ducedby 1.0gallonperhour (3.785L/h) emittersis
between 8 and 9 feet (2.432 and 2.736 m). For a con-
tinuous wetted strip, the spacing between emitters in
the row should not exceed 80 percent of the wetted
diameter, and emitter spacing should be selected such
thateach plantwillreceive awholenumberof emit-
ters. Therefore, forthe 24-foot (7.296 m) tree spacing,
a uniform Se of 6.0 feet (1.824 m) was selected. Table
7—14can help predict the areas wetted by an emitter;
however, field test data and observations of existing
systems are preferable.

Percent area wetted (P )—Using equation 7-8 with
the following input wwe calculate P .
data

S, =6.0ft(1.824m)

S, =8.5ft(2.584m) (field data)

S, =24ft(7.296m)

S, =24ft(7.296 m)

e = Sp/Se= 4.0
eSS,

*-x100

P, =
S5,

(eq.7-8)
[(4.0x6x8.5)]

W=1 (24x24) TX]OO

P, =35.42%

P

Maximum net depth of application (F, )—Using
equation 7-11 with the following input data we calcu-
late F_.

MAD = 30%

WHC = 1.8in/ft (150 mm/m)

RZD = 6.0t(1.824 m)

Pw = 35.42%

F =(MAD)WHO(RZD)(P ) (eq. 7-11)
mn w _ ] .
15

F., =(0.30)(1.8)(6.0)(0.3542) i

Average peak daily evapotranspiration rate (ET)—
Equation 7-12a can be used to calculate the average
daily evapotranspiration using the calculated ET;

ET =K, xET,
=1.25x0.24
=0.30in/d (eq. 7-12a)
where:
ET, = average daily reference evapotranspiration

(grass) for month of greatest use from eq.
7-12a=0.24in/d (6.1 mm/d)

K, = crop coefficient for month of greatest ET is
equalto 1.25

Seasonal evapotranspiration rate (ET )—The season-
al evapotranspiration rate (ET), inches per year (mm/
yr),canbe computed by summing up ET in equation
7—12b forthe whole cropping season.

Harvest

ET = Y K.ET,
Planting (eq 7—12b)
ET Harvest KC ETO
Planting
ET [136.74in/yr(933.2 (eq.7-120)
mm/yr) .

Maximum allowable irrigation interval (days) (I )—
Rearranging equation 7-13 with the following input

data,wecalculate [forthemaximumnetapplication.

Fn = ETcIfc

Design irrigation interval (days) (If L)—In develop-

ing the design factors, 1 day will be used because the
actual interval used is a management decision and
doesnotaffectthedesignhydraulics.

F =0.30in
ET =0.30in/d
(29 m)
N
m
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Figure 7-100 Drip-system design factors fora deciduous almond orchardin the Central Valley of California
|

1 Project Name—Happy Green Farm
II Trial Design

a Emission point layout Straight line

b Emitter spacing, ft X ft (m x m) Se x S1 6x24

c Emission points per plant, e’ 4

d Percent area wetted, %. P 35.42

e Maximumnetdepthofapplication,in(mm),F 1.15

f Average peak-of-application daily ETC rate, in/d (mm/d), ETC 0.30

g Maximum allowable irrigationinterval, day, I, 1.0
DesignIrrigationinterval, day,I, 1.0

i Net depthofapplication,in (mm), Fn 0.30

j Design emission uniformity, % EU 920

k Leaching requirement ratio (high frequency) LR 0.006

1 Grosswaterapplication, in (mm) F, 0.33

m Gross volume of water required/plant/day, gal/d (L/d) F(gp/d) 118.4
Timeofapplication, hr/d, T, 29.6
Electrical conductivity of water, dS/m ECW 14

II Finaldesign

a Timeofapplication, hr/d, T, 21.00
b Designirrigationinterval,d, I, 1.0

c Grosswaterapplication,in(mm)F 0.33
d Average emitter discharge, gal/h (L/h), q 1.41
e Average emitter pressure head, ft (m), h, 78.8
f Allowable pressure head variation, ft (m), Ahs 25.69
g Emitter spacing, ft x ft (m X m), Se X Sl 6x24
h Percent area wetted, % P | 35.42
1 Number of stations, N 1

j Total system capacity, gal/min, (L/min), Q | 823

k Seasonal irrigation efficiency, %, E _ 90

1 Gross seasonal volume, acre/ft (m? \A 353.5
m Seasonal operating time, hr, O, 2,384
n Total dynamic head, ft (m), TDH 138.2
o Final emission uniformity, %, EU 91

p Net application rate, in/h (mm/h), I, 0.0112
q Maximum net daily application rate, in/d (mm/d), F . 0.27
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1 0394,

=1d

Net depth of application—The net depth of applica-
tion (F), inches, for DI and SDIsystemsisthenet
amountof moisture tobereplaced ateachirrigation to
meet the ET requirements. Normally, F _islessthanor
equal to the maximum net depth of application (an).
IflessthanF _ isapplied perirrigation, then F_canbe
computed by equation 7-13.

F =ET]I, (eq. 7-13)
F =ET x1.0
=0.30in (7.6 mm)

where:

ET = average peak daily evapotranspiration rate for
the mature crop, in/d

I, =designirrigation interval, days, for DI and SDI,
L=1

Emission uniformity (EU)—An emission uniformity
of 90 percent is a practical design objective for drip
systems on relatively uniform topography.

Average peak daily transpiration ratio (T )—Be-
cause the crop is deep rooted and the soil is medium
texture, T equals 1.00asdescribedin gross waterap-
plication under soil-plant-water considerations.

Leaching requirement ratio (Lr)—Based on ECw,
leachingis notrequired because ECw <min. ECe (eq.
7-24).

Gross water application (F )—Using equation 7-15a

g
withthefollowinginputdata, wecalculate F;

T =1.00
Lr =0.0
F  =0.30in(mm)
EU=90%

* When the unavoidable losses are greater than the
leaching requirement, i.e., T > 1/(1-Lr), or

Lr<0.1,thenextra waterforleachingisnotre-
quiredduringthepeakuseperiod,andF, should
be computed by equation 7-15a.

[0

=0.33in/d (8.4 mm) (eq. T-15a)
Gross volume of water required per plant per day

(F . /d))—Using equation 7-16 with the following input
data, we calculate (F(gp/d)).

F =0.33in(8.4mm)

S, =24ft(7.3mm)
S, =24ft(7.3mm)
1I' =1d

[S,S.F,1
F =0.623
() =092 T

20.623[2@ 24; 0.3:ﬂJ

(eq. 7-16)

=118.42 gal/d (448.2 L/d)

Time of application (T )—Using equation 7-37 with
thefollowinginput data, we calculate (TQ;

F(gp/d) = 118.42bal/d (4482 L/d)
e 4
q, 1.0gal/h (3.785L/h)

F
. 5

_oe(a,)

118.42

4x1.0
~929.6h/d>21.6

(eq. 7-37)

* Adjusting q, wouldbring T to within the allow-
ablelimits, i.e., 90 percent of 24=21.6 hours per
day. Because T =29.6 hour, one station will be
used for the system, and the q willbeincreased
togive 118.42gallonsperday(448.2L/d)in21.6
hours per day or less. (If T = 12 h/d, two stations
canbeused, andif T, = 6 h/d, four stations can be
used.)

Foradded safety and convenience of operation,
let T =21.0hours per day.
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Average emitter discharge (q )—Using and rearrang-
ing equation 7-37 with the following input data calcu-
late (q):

T =21.0h
F =118.42gal/d (448.2L/d)
e =40

The g, thatwillapply the desired volume of waterin
T =21.0his:

F
W
T =%(q,)
q, =118.42 (eq. 7-37)
4x1.0

=1.41gal/h(5.337L/h)

Average emitter pressure head (h )—Since the emit-
terflowratehasbeenadjusted, thenewaverage emit-
ter pressure head (ha) needstobecalculated. Using
equation 7-38, adjust the value of h  towhat would
givetherequiredq.

ha:[q )1

d
(L
(141)\0}42) (eq. 7-38)
~\0.32
=34.16 1b/in’

or78.8ft(235.7kPaor24.018 m)
Allowable pressure head variation (AHs) (sub-

unit)—Using equation 7-40a with the following input
data, calculate (qn)3

’

e
(Y%

4
0.07

q =1.41gal/h(5.337L/h)

EU=90%
K =0.32
x =0.42

h =34.161b/in%(235.7 kPa)

* Asubunitis defined asthat part of the system
beyond thelast pressureregulationpoint;i.e.,
ifavalveisusedtoadjusttheinlet pressureto

a manifold that has no other pressure regulator,
theareaservedbythe manifoldisasubunit. The
objective is to limit the pressure variation within
a subunit so that actual emission uniformity (EU)
willequal or exceed the assumed value of EU.

EU=1001.0-1.27 €V 4" (eq. 7-402)
Je')a,

* Rearrangingequation 7-40a, the minimum per-
missible flow, q is:

o
‘ 100
1.41x |’
| 11.0-[0.07 x (127 ]|

i |\ (\/ZJ)JJ

=1.33 gal/h (5.034 L./h)

q, =|

* The minimum permissible pressure head (hn)
thatwouldgive q, is given by equations 7-38 and

T-44: :
h :(qa\;
Lde (eq. 7-38)
qn=qafhn\
\h,) (eq. 7-44)
g (h)"
q, \h,J
or
h,—h %]
\q,/
(g,gij“(qn\% Rt
h=

1
_( 1.33)0«?
B k0.32
=29.721b/in? (205.1kPa)

Therefore, using equation 7-41, the allowable varia-
tionin pressure head forthe subunit, AH, is:
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AH =2.50(h,~h)
AH_ =2.50(34.16-29.72)
=11.11b/in* or 25.69 ft (76.6 kPa or 7.830 m)
(eq. 7-41)

Total system capacity, (Q )—Using equation 7-42b
with the following input data, we calculate (Q);

A =115.7Tacre(46.82ha)
q, =1.41gal/h(5.337L/h)

N =10
S, =6ft(1.824m)
S, =24ft(7.3m)
A
Q=k- (1)
" NSS,
_(726x115.7x1.41)
(1.0><6><24)

=822.5 gal/min (3,113.2 L/min)

(eq. 7-42b)

Seasonalirrigation efficiency (E )—
Using EU =90%
Obtain TR = 1.00from table 7-15
LR = 0.0

* The seasonal irrigation efficiency is the product

of EU/100, the expected efficiency ofirrigation
scheduling, and the inverse of the proportions
ofthe applied water that may be lost to runoff,
leaching, orevaporation, or any combination of
thethree.

* Because a commercial scheduling service will
beemployedforthisoperation andlittle runoff,
leakage, or evaporation is anticipated.

TR < 1/(1.0-LR)

Considering a commercial scheduling service,
the seasonalirrigation efficiency (E) willbe:
E,-EU
=95.6%
(eq. 7-18)

Gross seasonal volume (V)—Using equation 7-17
with the following input data, we calculate (F ).

an

ET =36.74in(933.2mm)
R, =3.7in(93.98 mm)
W

El :O
E  =90%
A =115.68a(46.82ha)
LR =0.0

* The annual net depth of application [F, ]iscal-

culated by equation 7-17.

F =(ET-R W)
(an) s e s

(an)

=(36.74-3.7)
=331n(838.2 mm)

* The gross seasonal volume of irrigation water
required (V) is calculated by equations 7-20 and
7-21.

-an

F =
* E(1-LR))

v, = J‘g@“ﬁ—

K(l—LR)@

(eq. 7-20)

(eq. 7-21)
Fan(A)

12(1.0-LR,) [1]2 )
(33><115.(7) 5
90

{

i

~
|12(1.0-0) " |
| 100J |
=353.5 acre-ft (43.6 ha-m)

Seasonal operating time (O )—The gross seasonal
operating time of irrigation is calculated by equation
7—43 using the following input data:

V,=353.5 acre-ft (43.6 ha-m)
Q, =822.5 gal/min (3,113.2 L/min)
V)

_ K ( -
0=%q.)
353.5 (eq. 7—-43)
:5’430(822.5)

-2,334h
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(2) Lateral line design and system layout
The procedure for designing a lateral line involves
determining the manifold spacing and lateral charac-
teristics, manifold position, lateral inlet pressure, and
pressure difference along the laterals.

Theprocedure for selecting the manifold spacingis
presented under Lateral line design. It is convenient to
have the same spacing throughout the field.

Manifold spacing (Sm)—Using the following input
data and equations 7-63, 7-51b, and 7-52 to determine
the manifold spacing.

Plant spacingin the row: Sp=24ft (7.3 m)

Spacing between emitters along the lateral:
Se=61t(1.824 m)

Average of design emitter discharge rate:
qa=1.41gal/h (5.337 L/h)

Inside diameter of drip line:
ID =0.58in (14.7 mm), from manufacture

Use the Keller Head-loss equation.

Emitter-connection loss equivalent length:
fe=0.4ft(0.122 m); from figure 7-84

Reduction coefficient to compensate for the dis-
chargealongthepipe: F=0.36,from table 7-24

Allowable subunit pressure head variation that will
give an EUreasonably close tothe desired design
value: AHs=25.69ft(7.81m)

*+ Inspectionoftheorchardlayoutshowsthatthree

manifolds, each serving rows of 54 trees, would
bethefewest tomeet the criteria, for example,

two manifolds for the west 80 acres (32.38 ha)
and one manifold for the east 40 acres (16.19ha).

* Thedifference in pressure head (Ah) for the level
laterals serving 27 treeson either side ofeach
manifold can be calculated as follows:

1=27xS, =27x24 =648 ft (197 m)

and

e (eq. 7-63)

648 1.41
ql = Xe
6 60
=2.54gal/min(9.613 L/min)

Takingintoaccounttheaddedroughnessfromthe
emitter connections to the laterals,

e (eq. 7-51)

[(6.0+0.4)1
L' =648| 60|

=691.2£t(210.7m)

Therefore, using equation (7-52),

’ @ 1.75
Ah=h, =FLK
D4.75

(2'54)1.75
=0.36x691.2x0.00133x — -

(0.584)""

=22.48 ft(6.85m)
(eq. 7-52)

This Ah is considerably greater than 0.5 AH , and
wouldleavetoolittle marginfor differencesin
pressure head in the manifold.

The lateral length that would produce h = 0.5AH
=12.84 feet (3.9 m) can be found directly by us-
ingthe 22.48-foot (6.85m) headloss computed
forthe 648-foot (197m)longlateral and equation

7-66b. k
L, =L (h) |
i

(eq. 7-66b)

where:

(h), = 0.5xAhor.5x25.69ft

(hf)a 22.48 calculated from eq.7-52, ft
La the first selected length, 648 ft

L:648(M)0.36
22.48

L=530ft(162m), about 22 trees
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This would give a manifold spacing of

S.= 2x22x24
= 1,056 ft (322 m)

Thus, the west 80 acres (32.38 ha) of the field could be
supplied by three manifolds, but the east half would
need two manifolds of different sizes. Thisis not very
convenient.

*+ Construction will be simplified and management
improved by selecting six equally spaced mani-
folds sothat

S, = 27x24
= 6481t (197 m)

* Where27(17+10) isthenumberoftreesoneach
lateral. Thus, Lwillbe 324 feet (98.5m), and the
new head difference along each pairoflaterals
can be estimated by again using the 22.48-foot
(6.85 m) head loss computed for a 648-foot (197
m)-long lateral in equation 7—-66a.

(m) =) (L)

b fa KLa
2.75
h =(22.48) fa24)
f a L648J

=3.34ft(1.01 m)

Determination of manifold position and Ah—If the
field waslevel, the manifolds would be placed every
648feet withlateralsonboth sides of 324 feet. But, be-
cause of the field slope, the manifold should be shifted
to equalize the pressure of the uphill and downhill
sides of the manifold. First, start by calculating the
frictionlosses asifthe pairedlateral were onelong
lateral of 648 feet. The friction would be the same as
the initials selection.

h, =22.48ft(6.85m)

f

L =648
L° =691ft(1.97 m)
F =0.36
S =0.5%
* Next determine AE:

+ Find the tangent location (Y) by using equation
7-67. o (pan)

(n)

( 3.24\0.57
=036——

22.48
=0.19

(eq. 7-67)

* The manifold position can now be located by
satisfying equation 7-68 or by using table 7—26.

AE |—AE—|K1 K2 K2

(eq. 7-68)

Sinceequation 7-68issolved by trialand error, use
table 7-26 to determine the manifold location.

+ Tousethetable, first determine the value of AE;

hf
3.24
77 20144

22.48

andthenenterthetablewiththevalueof(0.14
andreadthex/Lorzequals0.58.

* Thevalueofx/Lorzequals 0.58fallsbetween
thel5thand 16thtreesfromthelowerend.Thus,
the manifold should belocated to supply 16 trees
along the downslope laterals and 11 trees along
the upslope laterals.

* The maximum pressure head variation (Ah) along
the pair of laterals can be determined from equa-
tion 7-69byuseofthex/Lorzvaluethatrepre-
sents the actual manifold location selected.

Ah:AE(l—Z)+hf (I_Z)K (eq. 7-69)

2.75
Ah=3.24(0.42)+22.48(0.42)
=3.4 ft (1.04 In) (eq 7—698.)

* Tocheckforthepossibility thatthe maximum
Ah may occur at the closed end of the downslope

lateral, determine Ah  using equation 7-70.
K

AE=Sx1/100=3.24
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* Nextdetermine: feet (457.2 m). Therefore, parallel mainlines are

Lateral inlet pressure head (hi)
h = 78.81ft(23.958m)
h, 22.48{t(6.85m)

zZ = x/L = 0.58

AE = 3.24ft(0.985m)

Forpairsoflateralswith aconstant diameter, the
lateralinlet pressure can bedeterminedbyequa-

tion 7-64a: (AE)
h=h +0.75h |25+ (1-2)" -7
1 _I L 2

a fp|_
hl:78.81+O.75(22.48)F0.583.75+(1_0.58)3-75]
(3.24)

(= J(2(0.58)-1)

2z-1)

h,=78.81+2.83-0.26
=81.31t(24.780 m)

(3) Manifold design
Selecting pipe size for tapered manifolds involves
threecriteria.

+ abalancebetweenthe pipe’sinitial costandthe
pumping cost over the pipe’s expected life (de-
scribed in NEH623.0711(e))

abalancebetween frictionloss,changeineleva-
tion, and allowable variation in pressure

maximum permissible velocity

Pipe sizes selected on the basis of economics are
considered acceptableifvariationsin pressure donot
exceed allowable limits. If limits of pressure variation
areexceeded, the manifoldistaperedbybalancing
theallowablelimitwith pipefrictionandchangein
elevation. However, the maximum permissible veloc-
ity controls minimum pipe size,regardlessoftheother
criteria.

Manifold length and mainline position—

For economic reasons and for acceptable AH,
pairsof manifolds extendinginopposite direc-
tionsfrom a common mainline connection nor-
mally should not exceed atotallength of 1,500

needed.

* Mainlinesshouldbe positioned sothatstarting
from a common mainline connection, the mini-
mum pressure in a pair of manifolds is equal (like
the manifold position for pairs of laterals as de-
scribed earlier). Because the groundislevelin the
direction of the manifolds, the pair of manifolds
should be of equal length (fig. 7-101).

* There are access roads in place of the center row
of treesinthe west 80 acres (32.38 ha) andin the
east40acres(16.19ha). Therefore, thelength of
each manifold is:

L_=27x24=648t(196.992 m)
Manifold flow rate (q )—The flow rate for a pair of

lateralsis q, equals 2.54 gallons per minute (9.61 L/
min).

The manifold flow rate is the number of pairs of later-
alsalongeach manifold timestheflowrate per pair:

q, =27x2.54
=68.58 gal/min (259.6 L/min)

Economic chart method of manifold design—The
economicchart method for designing manifold uses
the following input data.

0, = 2334h

P = $0.0636/kWh

CRF  =0.205(20% for 20 yr)
EAE(®) = 1.594 (9% inflation)
E, =75%

Figure 7-101 Manifold layout
——

Mainline
Rows of trees

P 108 rows
and2roads

A4

| 54rows |
“and road” | 41— Manifold

S,=24ft
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BHP/Pu = 1.2 BHP-hr/kWh (taking into consider-

ation the motor transformer and line

deficiencies, a power conversion factor of

Usingequation 7-59, determine the adjustment
factor (A?, thenuseequation 7-60toadjustQ
toQ_ for entering the proper unit economic pipe

P B 1.3 Ois reasonable) size selection chart.
c ' . : .001
Q, = 68.6gal/min(259.6 L/min) A= 0.001C,,,
q  =68.6gal/min(259.6L/min) (CRF)(P,) (eq. 7-59)
q, = 2.54gal/min (9.61L/min)
L = 648£t(196.992 m) 0.001 x 263
ko 2 SARBHED a, - (0:001%263)
Ah = 3.4£t(0.790 m) (0.205)(1.00)
=1.28
*+ All manifolds in the system serve similar areas, and
and extra pressure head can be used toreduce . )
sizes of the pipe in all of these. Q, = AQ (eq. 7-60)
Therefore, the manifold flow rate (g,) will be ad- Q,'=1.28x68.6
justed and used as the adjusted system flow (Q,) =88 gal/min (227.1 L/min)
to select the most economical pipe sizes.
+ Compute the cost per water horsepower per
season using equation 7-58. The maximum pressure in this and most other
typicaldrip systemsislessthan 100psi(690
_ (0)(P.) (EAE“)) kPa). Thus, PVC pipe with the minimum avail-
" T (BHP)] able (or allowable) pressure ratingcanbeused.
E — Figure 7-921s the unit economic pipe size selec-
| ( p) | | (eq. 7-58) tion chart for this set of PVC pipe sizes.
| \ P, | Enterthevertical axisoffigure 7-92with Q' =
whp = 88 gallons per minute (227.1 L/min). Record the
(2'334) (0.0636)(1.594) flow rate (horizontal axis) where the 88 gallons
( 1_2%(75\ per minute (227.1 L/min) line intersects the up-
= 100 per limit of each pipe size region, which is shown
$263/whplyear inthe tgblg 7-30.Thelayoutofthe manifoldis
shown in figure 7-102.
Table 7-30  Flow rate table Figure 7-102 Manifold detail
| |
Pipe Chart Adjusted Numberof Multiple 3.0in  2.5in 2.0in  1.5in
size, flow rate, flow rate,! outlets outlet —
in gal/min gal/min factor L_
(table L4-P
7—24) — L3 —>p
1.50 16 q=1524 6 0.45 ) Lo )
2.00 34 q,=33.02 13 0.40
I« L1 >
2.50 42.0 q,=43.2 17 0.39
3.00 68.6 q=686 27 0.38

1 Flowrates adjusted for nearest whole number oflateral connections
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+ Useequation 7-81tocomputethelengthof pipe
of each size, assuming uniform outlet discharge
along the entire length of the manifold.

(qd - q(d—l)\
Ld = |\q—JLm
" (eq. 7-81)
where:

L, =lengthofpipe withdiameterd, ft, (m)

q, =upper-limitflowrateforthepipewithdiameter
d, gal/min (L/min)

q,, =upper-limitflowrateforthe pipe withthe next
smaller diameter, gal/min (IL/min)

L =lengthofthe manifold used in computing q , ft

(m)
[(33.02-15.24)]1
150 = || e J|648

=144t(43.9m)
[(33.02-15.24)1
_| 68.6 ,|J|
=168t (51.2m)

648

2.00

[(43.2-33.02) |
L5 =| L—s&a—) 1648

=961t(29.3m)

L, =648-(96+168+144)
=240t (76.2m)

Using equation 7-72, determine the allowable dif-
ference in manifold pressure head.

(AH, ) =AH, -Ah’ (eq. 7-72)

(AH, ) =25.7-3.4
=22.3ft(6.8m)

Checkthisagainst AH . Todothis, first deter-
mine the head loss from pipe friction (H), and
because thereisnoslope along the manifold, H,
=AH_ equals the friction loss along the manifold,

(h) .

Hisdetermined asfollows.

Hf - (hf)3_00 * ij)z_so * Glf)z.oo * (hf )1_50

For 3.00-inch ID 3.284-inch (83.3 mm), and
(hf) 300 (F1h o thfz
=[(0.38x4.97)-(0.39x1.39) ]
=1.341t(0.408m)

Foth.5O-i£1<(}11?LD 2._65%(6)7 .7mm), and

( £ )2.50 2 9 3 f3

=[(0.39x3.82)-(0.4x1.83)]
=0.76ft(0.231m)

For 2.00-inch ID 2.193 (55.7 mm), and

(h) =(Fh,_ Fh )
* _[(0.40x4.53)-(0.45x1.56)]

=1.57ft(0.48m)

For 1.50-inch ID 1.754, (44.55 mm), and

(hf)1,50 = (F4hf4)
=[(0.45%1.56)]
=1.70£t(0.21m)

Thefieldislevel soH =AH , and

f m

AHm:(hf3) 3.00 +(hf3)2.5o +(hf3)2A00 +(hf3)1,50
=1.34+0.76+1.57+0.70

=4.38ft(1.35m)

This value is less than (AH ) = 22.3 feet (6.8 m).
Therefore, pipe sizes selected by economic crite-
ria are acceptable.

Manifold inlet pressure (H )—Equation 7-75ais used
to determine the manifold inlet pressure head.

h =81.3ft(24.715m)

1

AH =~ =4.38{t(2.402m)
AH ' = 0.5H+0.5AE1=(0.5x4.38) +0=2.19

Note: (AE1=0 since the manifold grade is 0)

H, =h,+AHm’ (eq. 7-75a)

H_=81.3+2.2
=83.51t(25.5m)
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(4) Mainline design pipesizes. Becausetheflowisdividedimmedi-
Selecting pipe size for mainlinesisbased on economic, ately after the pump, thelarger ofthetwobranch
pressure, and velocity criteria. After the initial pipe flowratesmustbeadjusted forenteringthechart
sizes are selected from an economicchart, additional by using equation 7—60.

savings are often possible in branching systems by re- .

ducing pipesizesalongspecificbranchestothelimits Q= AQ, (7-60)
imposed by pressure or velocity criteria. Insuch cases,

sizes may be reduced to take advantage of any excess Q,'=1.28x548

pressure head that might result from differences in =701gal/min (44.22L/s)

elevation or from higher pressures required for other

branches of the system.
y + Enter the vertical axis of figure 7-92 with 701

Economic pipe size selection— gallons per minute (2,654 L/min), and determine

Q  =548gal/min(2074.18 L/min) (2/30£822) the most .economical size o_f PVC pipe for each
A =198 flow section. To hold velocities below 5 feet per
o o o second (1.52m/s), stay within the solidboundary
* First sketch_the mainline layout, indicating . lines. After selecting the minimum pipe sizes, de-
lengths f)f pipe a_nd ra.tes offlow along the vari- termine thefrictionlossin each section asshown
ous sections of pipe (fig. 7-103). in table 7-31 based on equation 7-52.
* Theuniteconomicpipe size selection chart, fig- 183
. : - h =FL'KQ
ure 7-92,isused to select thefirst setof mainline ; 4.83 (
D eq.7-52c)

Figure 7-103 Orchardlayout with final flows and distances

|
Pump Mainline —
T 548 gal/min 274 gal/min
(34.6L/s) (17.2LJ/s)
648 ft ® 648 ft
(197 m) (197 m)
411 gal/min 137gal/min
(25.9L/s) (8.7L/s)
*
272 ft (83 m)
6481t ¥ ® 648 1t
(197 m) i) (197 m)
. 376 {t
274 gal/min (115 m)
(17.2L/s) it
6481t
(197 m)
137gal/min
(8.7L/s)
648 ft é K
(197 m)

Manifold —
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where:
F =1.0(table7-24)

Location of critical manifold inlet—

Compute the pressure head required to over-
come pipe friction and elevation difference (er) .
betweenthe pumpandeach manifoldinletpoint
by using equation 7-61.

(H,) =>_hAEl
1

(eq. 7-61)

* The (H,)_ valuesin table 7-31 show that the
criticalmanifoldinletisatpoint E, andthe pump
must supply (H,)_ 3.33 feet (1.14 m) to overcome
pipe friction and elevation along the mainlines.
The manifolds require the same inlet pressure
head if the required H_ is83.5feet(25.45m)and

Table 7-31  Mainlinefrictionlossforsurfacedrip ex-
I ample
Section Flow, gal/min  Pipe L, h,
fiiameter, ft ft
in
P-A 548 8 900 4.02
A-B 411 6 648 1.71
B-C 274 6 648 3.26
C-D 137 6 648 0.92)
P-E 274 6 900 4.53
E-F 137 6 648 0.92
Section Point
Point From—to Inlet +h ft +AEl = (er)m
ft ft
A P-A P=0 +4.02 -1.20 = 282
B A-B 2.82 +1.71 -324 = 199
C B-C 1.29 +3.26 -324 = 131
D C-D 1.631 +0.92 -3.24 = 101
K P-E P=0 +4.53 -1.20 = 3.33Y
F E-F 3.33 +0.92 -324 = 1.01
1 Critical

1s supplied at point E. All other requirements for
manifold inlet pressure head will be more than
satisfied.

* Thepipesizesbetweenthe pumpandthecritical
manifold inlet cannot be trimmed without in-
creasing the pump head requirements. However,
the pipesectionsdownstreamfromthecritical
inlet point and along other branches should
be checked to determine if pipe sizes can be
trimmed so that the corresponding manifold inlet
points alsorequire (H)  is3.33feet(1.14m).
Thisisasmallvalue and, mostlikely, the pipe
sizeswillneed toremain the sameto maximize
economic benefits.

(5) Total dynamic head
Thetotaldynamichead (TDH) required of the pumpis

thesumoftheitemslistedintable 7-32.

(6) Filter design

The selection of a filtration system, types, and charac-
teristics of filters are addressed in NEH623.0708. The
flowchart in figure 7-95 should be helpful in guid-

ing the selection and design of the filtration system.
Datain figure 7-97 indicates that the water quality

bucelativete Bieh i aalinea B, Theiimhivatey

of California, somealkalinity canbeexpected. As-
sumingthewaterisamixtureofground water and
surface water (asit often occursin this areafrom
yeartoyear),avariablepH and some physicaland
organiccontaminantscanbeexpected. Basedonthe
headworks design shown in figure 7-19, a sand media
filter backed up by a screen filter, a pressure sustain-
ing valve, air vents and vacuum relief, and a chemical
means of controlling the pH (6 <pH < 7) would be a
satisfactory design to filter the drip irrigation water for
this orchard. The filtration unit should be located by
the pump (shown in figure 7-99 at the top center of the
figure).

Peeignthefilterusing aorizontaland medistmks,.
lons per minute per square foot (1,018.569 L/m?). Next,
determine the type and size of media to use. Since no
manufacturer’s recommendation was given, the re-
quired filter size is based on the emitter diameter:

0.03/10=0.0031nor 76 microns
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Table 7-32  Total dynamic head

——
Items ft

(1) Manifold inlet Pressure REAd ........c.c.erverreecriemeriiieieieesisseessis s ssssesesssessse s sesesseees H = 83.5
(2) Pressure head to overcome pipe friction and elevation along the mainline..........c....ccccevuveee... H,= 3.33
(3) Suction friction 1088 AN Lift.......ccecuvviuieeieeieeieeieseee ettt s a s s s bbbt sensens 10.0Y
(4) Filter-maximum pressure head differential..........ccccccoiecuiireieriiieereeieeieieee e 23.1%

(5) Valve and fitting fEICtION L0SSES ... v reereereerrereeeeeeseeseeseseeseeseeseeseessessessessesseesessesseeseesssseessess semseesessenseseseseeseeses

Fertilizer injection... 4
FLOW INEEET ...ttt ettt sttt b st bbb b et e b s et tes s esss et ettt es st eesnn 3.04%
Main control valves 0.15%
Manifold inlet valve and pressure regulator..... 6.904
Lateral risers and hose bibs..........ccccoevvrveirnennnn. . 2.30%
Safety screens at manifold or lateral inlets... 2.30¢
Lateralorheader pressure re@UIAtOrS.........cccieiiiiiiiiieie ettt ettt eaae e sabeeebeenbeesaeas o

(6) Friction-loss safety factor at 10 PEICENt..........cciovurvrurviueeereeeeeeesesees e sessessee s st sessens s s s s ssesse e senes 3.53¢

(7) Additional pressurehead toallowfordeterioration of emitters.............ccvceveriieririerecierieeeeereeeee e g

Total 138.15

1/ Assumedvalue thatincludes suction screen, friction in suction pipe and foot valve, and elevation from water surface to pump discharge.

2/ Automaticback-flushingfiltertobeset toflush when pressure differentialreaches 10 psi(69kPa).

3/ Injection pump used.

4/ Taken from manufacturer’'sorstandardcharts. Careshouldbeused whenspecifying safety screensatthe manifoldsorlateralinlets. Current
thinkingisthattheyareahuge maintenanceitemthataffects the uniformity oftheblocks and may cause more harm the good.

5/ Notusedin thissystem.

6/ Friction-loss safety factor taken as 10%oflateral (3.34 ft (1.01 m)), manifold (4.38ft (1.34 m)), mainline (4.53 ft (1.38 m)), and filter (23.1 ft
(7.022m)), plusfrictionlossesfrom valves and fittings.

7/ The flow characteristics of the vortex emitters used in this design are not expected to change with time.
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Fromtable 7-18, therequired mesh size wouldbea
200 mesh. From table 7-28 select #20 crushed silica
for the media type. For backflushing and maintenance
purposes, use a minimum of three tanks. Using equa-
tion 7—78, rearrangetosolvefor tank flow.

Q
N =—
R (eq. 7-78)
Q
N= *
te
_—
R\
B 822.5
3
=274 gal/min

From table 7-27, using 25 gallons per minute flux, se-
lect a tank size of 48 inches and from (table 7-29(b)),

abackwashflowrateof60gallonsper minute/tank
(227.1 L/min/tank). If a different number of tanks are
desired, use the same procedure substituting the de-
sired number of tanks into equation 7-78.

Thebackwashflowrateis60gallons per minute (227.1
L/min), which should be easy to sustain by the pres-
sure sustaining valve, assuming that the pump has
adequate pumping capacity. This filtration system has
ample capacity to filter unexpected dirty water.

(7) Flushing manifold and minimum flushing
velocity

Theflushing manifoldislevel. Tokeep the pipe size
assmallaspossible, placethevalveinthe middleand
flushfromboth sides. A flushing manifold (asshown
infig. 7-104) with a cross-sectional area of 25 percent
or more of the sum of all the cross-sectional areas of
the drip lateral connections is sufficient to maintain a
flushing velocity of 1 foot per second (0.304 m/s). The

Figure 7-104 Location of flushing manifolds and flushing valves

——
Headworks
[ ]
N *
11 ‘iees
Wi 648 ft——p 16 trees

S trees S

(210-VI-

u 54rows+ 24-ftroad

1,296 ft

v . .

Flush valve

Inlet manifold

mmm  Flushing manifold

NEH, October 2013)
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flushing manifold diameter can be calculated for the
downhill laterals using equation 7-79.

D, = 0.5Dd\&d
=.5x0.58/14

=1.08in(27.4mm) (eq. 7-792)

D,mustberoundeduptothenextavailablenominal
pipe size, whichis 1.5inches (40 mm).

Thesamenumberoflateralsareflushedonboththe
uphill and downhill side of the manifold; therefore, the
same pipe canbe used for both. For aminimum flush-
ing velocity V, of 1 foot per second (0.304 m/s), the
flushing flowratefromeachbranchofequallength,Q
(gal/min) can be calculated by rearranging equation
7-54.

VN D*

o Tt
1x14x0.58”

0.409

=11.51 gal/min (43.5 L/min) (7—54D)

Eachblock willhave two flushing valves, one for the
uphill laterals and one for the downhill laterals. The
friction loss for a level-grade flushing manifold can
be calculated by equation 7-52. The equivalent length
connection loss is 0.4 foot.

h =FL'K Q"

f 4.75
D" 75
:0.39x324?24+0"ﬂ0.0013311'511
(21 ) 1.754'7

=0.85ft.(0.26 m)

For the complete flush valve, assembly shown in figure
7-96, the flush valve size D (mm) can be calculated
using equation 7-80. The valve handles flow from both
sides, so Q, isdouble the manifold flow rate.

JQ,

(Pv)0.25
0.22 502

0.25

=1.3in(33.1mm)

D, =K,

(eq. 7-80)

where:

K, =0.22,(35.7) forabranchedflushvalveand
0.20,(33.4) for the nonbranched flush valve

Q, =totalflowratethroughtheflushvalveata
flushing velocity of 1 ft/s (0.3 m/s) =23.02 gal/
min, (1.74 L/s)

P = allowable pressure loss through the flush valve
assembly during flushing (P_ <1 ft or 3 Kpa)

Choose a 1.0-inch (25.4 mm) flush valve. By substitut-
ing1.0inch (25.4 mm) for D_and rearranging equation
7-80, the actual head loss through the flushing valve
canbecalculated.

P =|rkV&T
| D.]

:‘0.22@ }4
! b

=1.241b/in or 2.86 ft (8.5kPaor0.87m)

The total pressure need for flushing, P, is estimated
asthe sum of the following pressure/head loss compo-
nents:
Elevation head along flushline =0 ft (0 m) for zero
slope
Flushline frictionloss=1.33ft(0.41 m)
Flushvalve assemblyfrictionloss=4.06{t(1.23 m)
Elevation head from flushline to flush valve outlet =
3feet (0.91m)

P,=(0.85+2.86+3)
=6.71ftor2.91b/in? (2.04 mor 20.0kPa)

Figure 7-104 shows the location of flushing manifolds
andflushingvalvesfortheeasternportionofthefield
shown in figure 7-99. The same location pattern of
flushing manifolds and flushing valves will be repeated
inthe two western blocks.

(8) System design summary

The final system-design layout is shown in figure 7-99.
The design data are presented in figures 7-97 and 7—
100. These three figures, along with a brief write-up of
the system specificationsand abill of materials, form
thecompletedesignpackage.
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For scheduling irrigation, the emission uniformity, the

net system application rate, and the peak daily net
system application should be:

Final emission uniformity (EU)

X = 042

H = 83.5ft(25.45m)
AH = 2.2ft(0.67m)
h = 34ft(1.04
= ) U
e = 4

CV = 0.07

* Compute the ratio of minimum emitter discharge
to average emitter discharge in a subunit by
equations 7-44 and 7-45.

g, —q [Ba)
\h,/ (eq. 7-44)
h,=(H,-AH,-4h) (eq. 7—45)

q, [(83.5-22-3.4)] "

q, | 88 |
=0.99

Assumingallthe manifoldstobeadjustedtothe
same inlet pressures, final or actual expected
system EU will be given by equation 7—40a.

CVq
Jela,
_1001.0-1.27 007)

W) 0.99

(
EU=100(1.0-1.27

=94.6% (eq. 7-40a)

Net application rate (I)
S, = 24ft(7.296m)

S = 24ft(7.296 m)

e = 4

g, = l.41gal/h(5.337L/h)
EU = 94.6%

The net application rate will be given by equation 7—46:

(eq. 7—46)

Maximum net daily application rate (I )—After a

breakdown, the system maybeoperated 24 hours per
daytomakeupforlostirrigationtime. The maximum
net daily application rate is:

I =0.018x24
=.361in/d (9.1 mm/d)

All the design calculations can be performed using
Microsoft ~ Excel ,aswillbe demonstrated for sub-

sequentirrigation designs.

(b) Subsurface drip irrigation system for
deciduous almond orchard

Thefollowing SDI system designisfora deciduous

almondorchard. Figure 7-105showsthebasiccompo-
nentsofa SDI system for a typical field crop system;
thevacuumreliefvalvesshouldbeplaceatthehighest
points in the hydraulic system. The simplifications of
theSDIdesignofthe almondorchard showninfigure
7-99 are outlined in figure 7-106. The simplifications
aremade possible by the use of pressure compensated
emitter (PC) with exponentx=0. The dataneeded be-
forebeginning the design aresummarizedinthe drip
irrigation design data sheet.

In addition to 1llustrating the general process for
designing a SDI system, the example emphasizes the
following procedures.

Step1: Selecting the emitter or emission point
spacing (S), thelateral spacing (S), the duration
ofapplication (T), the number of stations (N),

andtheaverage emitterdischarge (q‘), andoper-

atingpressurehead (h).

Step 2:  Determining AH, the allowable variation
inpressureheadthatwillproducethedesired
uniformity of emission.

Step 3:  Positioning the manifolds and design-
ing thelaterals for sloping rows (not a problem for
slightly slopping ground and when using a PC emit-
ter).

Step 4: Designing the manifold and selecting
economical pipe sizes for both manifolds and
mainlines.

Steps: Computing system capacity and total
dynamic operating-head requirements.
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Step 6: Determining filter design. usestwo laterals per treerow, a total of eight emit-
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Step7: Determining inlet flow and pressure
required to provide adequate flushing velocity.

(1) Design factors

Before designing the hydraulic network, the designer
must determine the type of emitter, the emitter flow
characteristicsand S, q, h , AH, and hours of opera-
tion per season (O). The type of emitter used will
greatly affectthe design and economics. Forexample,
the use of a PC emitter with a zero or near zero ex-
ponent (x) will significantly simplify the design and
increase application uniformity, but may also increase
the cost of the system.

Thedesignissimilarinallblocks. Theinset shown at
the bottom right-hand corner of figure 7-106 describes
the tapered line sizes identical for all manifolds. Figure
7-107 shows the emitter/lateral/tree row layout which

terspertree,andanhourlyapplicationrateof6.32
gallons per hour per tree (23.9 L/h/tree). Experience
has shown that the twin lateral design distributes the
water and nutrients evenly on both side of the trees
and helps stabilize the tree during wind gusts.

Although, thisdesigndidnotreduce thenumberof
manifolds and the number of flushing manifolds, it
reduced the required operating pressure substantially.
By doubling the number of laterals and reducing the
emissionrateoftheemittersfrom1.41t00.79gallons
perhour(3.79L/ht02.99L/h), the applicationrate of
water may more closely approximate the absorption
rateofthe soiland bebetter suited forhigh-frequency
irrigation. This design will also spread the water over a
larger soil volume and will help minimize surfacing of
waterincoarsetexturesoils.

Figure 7-105 Subsurface dripirrigation schematic showingbasic components for a typicalfield crop (Phene and Phene 1987)

Flushing manifold

/e

Flushvalve

/Emitters

Pressurerelief
Vacuumrelief

valve
Pressuregauge

—

PVC mainline )

| NS |
| —

Connector ring —JL
«4—— PVC riser r_J

| S | S I
 I— | —

PVCsaddle
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Figure 7-106 Simplified SDIdesignofalmondorchard shown infigure 7-99
——

Pump
Qs=921.6 gal/min (58.1 L/s)
@

8-in (200 mm) | 6-in (152 mm) -
1,296t(395.1m) 1,296t (395.1m)

4—27 trees —Pp

C
y
Laterals———p
0.62in (18 mm)
648ft(197.6m)
8g
Z;'/é : & |4— 54 rows+24 ft (7.3 m)road—---jt
N3 "—‘“m—_mg—._#:::_
S 00 —FR =S
g A— = — avﬁ
° =R} U=
=N 0 P 224ft, 3-in
50 (68.3m, 76 mm)
B l yd _¢
Lm=648ft .
2 (197.5 m) 7 }556&1,3-2111 ) 240ft,2.5-in
o © 1, SRS (73.2m,
bt 64 mm)
0
€— 54 rows + 24 £t (7.3 m) road —p| Manifolddetail
O O———

324ft, 2-in
s @

324ft, 2-in T
(98.8m, 51 mm) 2-in valve
(51 mm)

Flushing manifold detail
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Field observationsof SDIsystems (installedat1.5t0 2
ftdepth (0.456t00.608 m)) have shown that the wet-
ted diameter produced by 0.79 gallons perhour (3.0
L/h) emittersisbetween 5 and 6 feet (1.5to 1.8 m). For
a twin lateral SDI system, a continuous wetted cylin-
derisnotnecessary,andthespacingbetween emitters
in the row can exceed 80 percent of the wetted diam-
eter. Therefore, forthe 24-foot (7.296 m) tree spacing,
auniform S_of 6.0 feet (1.824 m) was selected. Table
7—14 can help predict the areas wetted by an emitter;
however, field test data and observations at existing
systems are preferable.

The emitter/lateral/tree row layout shown in figure
7-107usestwolaterals pertree row,a total of eight
emitters per tree, and an hourly application rate of
6.32gallonsperhourpertree(23.9L/h/tree). Theback-
ground data on land and water resources and plant
and soil and emitter hydraulics are outlined in the MI
design factors sheet (fig. 7-108). The initial design data
and the final design results are outlined in figure 7-109
and 7-110, respectively. These data sheets serve as a
guide and provide a convenient place torecord results
of the various trial and final computations.

Emitter tree—lateral configuration

? ! ¢ 16ft >
61t '
(1.8m) ! &
v 1o4ft -
) (1.2 m) ¢ !
! R
! £ E
! S
fi o
@ &
[}
; &

4— Treerows, 24 ft —»f
(7.3m) -

Percent area wetted (P )—The wetted perimeter is
calculated with equation 7-9where:e=8;S '=0.8x6=
4.8 feet; S_=4.0feet; Sp =24 feet; S =24 feet.

eS.(S:+5.) 4100
2(ss,
8x4(.8px(4)1.8+4)

T 2x24x24 X100

=29.3%

Thisissmall, but will be used for the design.

Computations for design

+ MAD=30%;AWC=1.8in;RZD=>5feet;F from

eq7-11
F_ =(MAD)(WHC)(RZD)(P, )
30 29.3
=_— x1.8x5x
100 100
=0.79in

* Averagepeak daily ET, equation 7-12a, from
inputsheet Et =0.28in/d

Maximum allowableirrigationinterval, I,
Fmn

o
079

028
-2.8

f

* Choose a design irrigation interval of 1 day.
[, =1dayandcalculate

Fn=1.0x0.28=0.28in/d
* Gross application depth, in Fg (eq 7-154);
Tr=1.0; Trail EU =90%

Note:when Tr>1/(1-LR) or when LR<0.1, noextra
leaching is required. In this case, leaching will be
required.

Salt tolerance of crop (ECt)

Electrical conductive of irrigation water (ECw)

Fc=

1.5
=—=1.07
1.4
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Figure 7-108 SDIsystem data for a deciduous almond orchardin the Central Valley of California
|

I

Project Name—Happy Green Farm—SDI

II Land and Water Resources
(a) Field no. #2
(b) Field area, acre (ha), A 115.68
(¢) Average annual effective rainfall, in (mm), R 1.7
(d) Residual stored soil moisture from off-season precipitation, in 0
mm ,WS
(e) Water supply, gal/min (L/min) 1,000
(f) Water storage, acre-ft, (ha-m) —
(g) Water quality (dS/m), ECw 1.4
(h) Waterqualityclassification Relatively high salinity (fig. 7-15)
1II Soil and crop
(a) Soil texture Siltloam
(b) Available water-holding capacity, in/ft (mm/m) WHC 1.8
(c) Soil depth, ft (m) 10
(d) Soil limitations None
(e) Management-allowed deficiency (%) MAD 30
() Crop Almond
(g) Treespacing, ft X ft (m x m) pr Sr 24x24
(h) Tree root depth, ft (m) RZD 5
(i) Averagedailypeak ET rateforthe monthofgreatest overall water 0.28
use,in/d (mm/d). ET,
() Seasontotalcropconsumptive-userate,in(mm),ET 36.74
(k) Crop salinity threshold, ECt 1.5
v Emitter
(a) Type Pressure compensated (PC)

(b) Outlets per emitter
(¢) Rangeofoperatingpressurefor Constantq,1b/in2(kPa),h
(d) Rateddischarge@hgal/h(L/h),q

(e) Discharge exponent, x

(f) Coefficient of variability, CV

(g) Discharge coefficient, k ,

(h) Connection loss equivalent, ft (m), fe

() Spacing between emitters along a lateral, ft (m) S
(j) Emitter line inside diameter, in (mm)

(k) Emitter orifice diameter, in (mm)

1
7.0-20.0

0.79 for
7<h<20

0.0
0.025
0.79
0.4
6.0
0.62
0.035
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Figure 7-109 Trialsystem design factors fora deciduous almond orchardinthe California Central Valleyirrigated by a SDI
I Sy Stem

Drip system design factors Symbol Value
Trial design

(a) Emission point layout Twin lateral
(b) Emitter spacing, ft (m) Se 6
(c) Emission points per plant (4 each lateral) e 8
(d) Percent area wetted (%) Pw 29.3
(e) Maximum net depth of application, in (mm) Fmn 0.79
(f) Ave. peak-of-application daily evapotranspiration rate, in/d (mm/d) ETc 0.28
(g) Maximum allowable irrigation interval (d) If 2.8
(h) Design irrigation interval (d) Ifd 1
(i) Net depth of application, in (mm) Fn 0.28
() Emission uniformity (%) EU 98.9
(k) Leaching requirement ratio LR 0.15
(1) Gross water application, in (mm) Fg 0.33
(m) Grossvolume of waterrequired/plant/d, gal/d (L/d) F(gal/d) 118.4
(n) Time of application, h/d Ta 19
(0) Water supply (sustainable pumping rate), gal/min (L/min) WSr 1,000
(p) Inside diameter of drip line, in (mm) D 0.62
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Figure 7-110 Finalsystem designfactorsforadeciduousalmondorchardinthe Central Valley of Californiairrigated by a SDI

e Sy Stem

Final design Symbol Value
(a) Time of application (h/d) T 19
(b) Design irrigation interval (d) If y 1
(c) Gross depth of application at eachirrig. in, (mm) Fg 0.33
(d) Average emitter discharge, gal/h (L/h) a 0.79
(e) Average emitter pressure head, ft (m) ha 23.1
(f) Allowable pressure head variation (subunit), ft (m) AHS 30
(g) Emitter spacing, ft (m) Se 6
(h) Percent wetted area (%) P 29.3
(i) Numberof stations N 1
() Total system capacity, gal/min (L/min) QS 921.6
(k) Seasonal irrigation efficiency (%) ES 98.9
(1) Gross seasonal volume, acre-ft (m? Vi 402
(m) Seasonal operatingtime (h) Ot 2,369
(n) Total dynamichead, ft (m) TDH 101.6
(0) Emission uniformity (%) EU 98.9
(p)Netapplicationrate,in/h (mm/h) L 0.0174
(@) Maximum net daily application, in (mm) I 0.42
(r) Totalfilter area perpendicular to flow, ft2 (m?) Apf 36.84
(s) The minimum numberoffiltertanks, (rounded up tonextinteger) N 3.00
(t) Minimum backwash flow rate from table 7-29b, gal/min, (L/s) BM 72.0
(u) Nominal flushing line diameter, in (mm) Df( N 2
(v) Flushing Q into each branch of=length, downhill manifold, gal/min (I/min) Q( » 25.4
(w) Flushing valve diameter for downhill laterals, in (mm) DV( " 1.5
(x) Required flushing pressure, Ib/in? (kpa) Pf 2.19
(y) Lateral spacing, ft (m) Sl 12.00
(z) Inside diameter of drip line (in, mm) D 0.62
(aa) Lateral length, ft (m) L 648
(ab) Manifoldlength, ft (m) L 648
(ac) Number of blocks B 6
(ad) Water supply (sustainable pumping rate), gal/min (L/min) WS 1,000.00
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Leaching requirement is then calculated from equation

7-23.
L = 0.1794 —0.1794 —0.146
r F)CS.0417 1 073.0417
UseaLRof0.15.
(FT
Fg = EU(]_—Lr) XlOO
_ 8
~ 98.9( -0

7-162

* Grossvolumeofwaterrequired perplantper
day, gal/day, (eq 7-16)

|— SESLFg—|
F K

|, |

:0.623||—24>< 24x 0.33
] |

=118.4 gal/d

* DeterminetimeofapplicationT,hourperday
for each block (eq 7-37) ; q,=0.79

F

_ (al)
=

eq,
118.4

 8x0.79

=18.7h (eq. 7-37d)

Useone station 19hours of operation per day.
* Pressurevariationand design EU—becauseofthe

pressure compensating qualities of the emitters,
the emitter becomes the pressure control and, as
long asthe minimum operating pressure (plus
some factor of safety) is maintained, any pressure
variation will not affect the flow rate of the emit-
ter. Therefore, the only thing affecting the emis-
sion uniformity is the manufacturer’s coefficient of
variation (CV). This allows the design to select the
actual EUasthedesign EU.

(210-VI-NEH, October 2013)

EU=(1.O—1‘27CV\ O

Ny i

q
Where — forallintents=1

a,
EU:(

x100

1.27 x 0.025)

LLO \/;

J x100=98.9

* Thesystem flow requirement Q, is determine next
usingequation 7-42a;N=1station; A=115.7 acres,
e=8;q,=0.79gal/h;S =24feet; S =24 feet.

Ae(q,)
S8,

115.7x8x0.79
=126 —5oa%oa—

=K
Q=K

=921.6 gal/m

Seasonal irrigation efficiency, Tr =1 from table
7-15. LR =0.15, because Tr< 1/(1-LR) the season-
alefficiencyisequalto EU (eq. 7-18).
E ,=EU
=98.9%

+ Gross seasonal volume (7-18c)
F(aﬂ) = (ETS _Re - Ws)

—36.74-1.7-0.0
= 35.04
. Fon 35.04 Lo
*"E,(1-LR) 989/100(1-0.15)
F(A) 41.7x115.7
sg
V= = =402 acre-ft

' K 12

* Seasonal operating time, O,, hours from equation
7-43 o -kl Vi

t LQ_S



Chapter 7

Microirrigation

Part 623
National Engineering Handbook

(2) Lateral line design and system layout
Because of the pressure compensating qualities of
the emitters, the emitter becomes our pressure con-
trol, and as long as the minimum operating pressure
(plus some factor of safety) is maintained, everything
upstream of the emitter (e.g., laterals, manifolds,
mainline) canbe designed using economic and veloc-
ity restrictions. Divide the orchard into three blocks
withalengthof1,296feet, and placethe manifoldin
the middleforeaseofoperation. The pressurerange
for the emitteris 7 to 20 psi. Tomaintain a low pres-
sure but still have some factor of safety, select 10 psi
as the minimum design pressure of the lateral. Calcu-
latetheelevationchange andfrictionlossforalateral
diameter of 0.62 inch. To determine the required inlet
pressurecalculation,thefrictionlossofthelateral the
uphilllegwillbe the mostcritical.

ql= L a, = 648 0'79: 1.42 gal/min
S,60 6 60 (eq. 7-52)
175
h =FxLxK Q
f D4.75 .
_ l( 6+0.4) 142
0.00133 .
038 648K J X 0'624,/5
=6.26ft

(eq. 7-52)

Becauseoftheuphill slope, the gainin elevation will
add tothefriction. The totallossiscalculated.

Total loss = h; +AEl
=6.26+.005x 648
=951t

Tokeep the minimum operating pressure of 10 psi, the
minimum lateralinlet pressure wouldbe 14 psior 32.3
feet.

Manifold sizing and design—Typically, manifolds are
tapered and should have no more than four pipe sizes,
with the diameter of the smallest no less than half that
of the largest pipe. Manifold pipe size for rectangular
subunits can be selected either by the economic chart
method orbythevelocity method, which limits the
pipe velocity to 5 feet per second. Manifolds will be
laid acrossthe slope sothereisnoelevation variation.

There are 27 rows of trees on either side of a
road. Use equation 7—74 to determine manifold

length.
L =(n —?S
n Lo

=(27x.5)24=636ft

This design ends up with six blocks of 648 by
1,296 feet watered all together as one station.

Themanifoldflowrateiscalculatedbytakingthe
numberofrowsoftrees, 27, times the number
oflateralsperrow,timesthelateral flowrate.
Use the velocity method and allowable pressure
variation to size manifold pipe. Results are dis-
playedintable 7—33. Critical point would be from
the pump topoint Bwith 3.08 psior 7.11 feet.

q,=2Tx2x2.84

=153.4 gal/min (7-72¢)

Useacombinationof4-, 3-,and 2.5-inch pipe.
This meets the pressure variation and velocity

requirements. Friction loss is calculated using
equation 7-52. A summary of the losses are:

F Q D L v hf
(gal/min) Gn) (t) (@t/s)  (ft)

0.38 15634 4 156 3.43 0.9
0.38 116.48 3 224 4.43 2.79
0.38 56.84 2.5 240  3.39 1.92

Total  5.72

Becausethe manifoldislaid acrosstheslope, the
elevationchangeiszero,and AH_becomes5.51
plusOor5.51 feet.

Pressure required at the mainline is then deter-
mined by equation 7-75a.
H =h +AH

1 m

m

=32.3+5.51
=381t
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Mainline design—Selecting pipe sizes for the main-

linesisbased on economic, pressure, and velocity

criteria. A detailed example of the use of the econom-
ic-chart method of mainline design was presented in
the first design example-drip system. This example will

use the 5feet per second velocity criteria.

Total dynamic head—The TDH required of the pump

Determineflowrateforeach section, thensize
the pipe to obtain a velocity as close to 5 feet per
second without goingover. Then, obtain the pres-
sureheadrequired toovercome pipe friction and
elevation differences. Use the Hazen-Williams
equation with afriction factor of C equals 150 for

plastic pipe.

Final emission uniformity (EU)—determine using the

following:

Hm
AH_
Ah
h

a

X
Cv
e

= 38ft
=5.51ft
=6.26ft
=23.1ft
=0.0
=0.025
=8

q, (H_-AH_-Ah) )

q, :( h, J

0.0
(38-5.51-6.26)

- 23.1 )

isthesumofthefollowing pressureheadrequire- = (% \
ments: Eu=1001-"2Tcv

Manifold inlet pressure, ft 47.46 & © J 4

Mainline friction 7.11 = 1OOL1 _127 0.025J 1.0

Suction friction loss and lift 10 1

Filter-maximum pressure head differential 23.1 =98.9%

Fertilizerinjection —

Flow meter 3.04 Then, find the net application rates.

Main control valves 0.15 (I andI )—S = 24ft

Manifold inlet valve and pressure regulator 6.9 Sl: B "= 241t

Lateral risers and hose bibs 2.3 2 5‘79

Safety screens at manifold or lateral inlets 2.3 :

Lateral or header pressure regulators — 98.9x 8x0.79

Friction-loss safety factor at 10 percent 3.9 1,=1.604 100x24x24

Additional pressureheadtoallowfordete- — =0.01741in/h (eq. 7—46)

rioration of emitters

Total dynamic head (TDH) 106.26
Table 7-33 Mainline pressures for Almond SDI example
—

Station Pipe Required
diameter Flow rate Distance AEL Velocity Friction loss this pressure

Point From To (in) (gal/min)  (ft) €} (ft/s) section (ft) (Ib/in2)
P-A 0 1296 7.84 614.4 1296 -3.24 4.08 7.93 2.03
A-B 1296 2592 5.9 307.2 1296 -6.48 3.61 8.90 3.08
P-C 0 1296 5.9 307.2 1296 -3.24 3.61 8.90 2.45

Critical point would be from the pump to point Bwith 3.08 psior 7.11 ft

7-164
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After asystembreakdown, each of the two sta-
tions can be operated 12 hours per day to give:

s

N

t

921.6

3
=307.2

t, =

Filter design—Design the filter using a horizontal sand
mediatank. The waterisrelatively clean, soselecta
fluxof 25 gallons per minute persquarefoot(1,018.569
L/m?).Next, determine the type and size of media to
use. Since no manufacturer’s recommendation was
given, the required filter size is based on the emitter
diameter.

0.035 ) .
. =0.00351in (90 microns)
10

Fromtable 7-18, the required mesh size would
be a 180 mesh. From table 7-28, select number
16 crushed silica for the media type. For back-
flushing and maintenance purposes, use a mini-
mum of three tanks. Then, using equation 7-78,
rearrangetosolvefortank flow.

Q
N =—
b (eq. 7-78)
t = Q. = 921'6:307.2 gal/min/tank
"N 3

t

Then, from table 7-27, using 25 gallons per min-
ute flux, select a tank size of 48 inches. Because
of the smaller backflush requirements, select a
horizontal tank and from table 7-29(b) a back-
washflowrateof 72 gallons per minute pertank.
Ifadifferentnumberoftanksare desired, usethe
same procedure substituting the desired number
of tanks into equation 7-78.

Thebackwash flowrateis 72 gallons per minute,
which shouldbeeasy tosustainbythe pressure
sustaining valve, assuming that the pump has
adequate pumping capacity. This filtration system
has a little extra capacity to filter unexpected
dirty water.

Flush manifold design—Because of the paired lateral,
there willbe a flushing manifold on both the uphill and
downhill lateral. Since the manifold sizing is based
onvelocityandnotlength,theuphilland downhill
manifolds will be the duplicates of each other,and
only one design is needed. Set flush velocity to 1 foot
per second. Toreduce pipe size design for a branched
manifold, placethevalveinthe middle and flushfrom
both ends. Select the manifold diameter using equa-
tion 7-79. Number of laterals flowing in the manifold,
N,, would equal 648/24, which results in 27. Use lateral
diameter D, equal to 0.62 inches.

D, =0.5D N,
~0.5x0.62427
=1.61in

Use a nominal flushing line diameter of 2.0 inch-
es.

Flow rate for each branchis determined by re-
arranging equation 7-54.

VN D’
Q * % c
0.409
_ 1x27x 0.62°

0.409
=25.4 gal/min

Determine the pressure requirement for flush-
ing. First, determine frictionloss for a halfof the

manifold since each half will be the same. Use
equation 7-52.

1.51=324 ft; q=25.4 gal/min; fe=0.4 ft; Se=6 ft;
F=0.38;and Di=2.1931in.

1.75
hf:FL,KV]%/_izmﬁ 25.4
~0.38x 324 “*10.00133 %71
12 J 2.193*7
=1.2in

Next, determine flushing valve size (eq. 7-80)
limit pressure loss to 0.5 psi through the valve;
q=50.8gallons per minute; and P=0.5 psi.
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0'430.25
=1.3in(33.1mm)

Use 2.0-inch valve. The actual pressure loss is
calculatedrearranging equation 7-80.

P-[k Ja]
H D] :
:|r0.22—“' J
2.0

=0.38 1b/in” or 0.88 ft

Finally, the flushing riser height above the lateral
is 3 feet. The total pressure requirement is the
sum ofthe valveloss, frictionloss, and the eleva-
tion difference of theriser.

P.=h,+P, +AE]L
(1.2+0.88+3)

2.31
=2.191b/in’

(c) Flow-regulated minisprinkler irriga-
tion system for deciduous almond
orchard

The following minisprinkler irrigation system design
isforthe deciduous almond orchardin A. The data
needed before beginning the design are summarized in
the orchard layout figures (figs. 7-111 and 7-112) and
the drip irrigation design data sheet (fig. 7-113).

In addition to illustrating the general process for
designing a M1 system, the example emphasizes the
following procedures:

selecting the minisprinkler emission point spac-
ing (S), the lateral spacing (S), the duration of
application (T), the number of stations (N), and
the average emitter discharge (qa) and operating
pressure head (ha)

determining AH, the allowable variation in pres-
sureheadthatwill produce the desired unifor-
mity of emission

* positioning the manifolds and designing the later-

als for sloping rows (not a problem for slightly
slopping ground and when using a flow-regulated
minisprinklersystem)

* designing the manifold and selecting economical
pipe sizes for both manifolds and mainlines

* computing system capacity and total dynamic
operating-head requirements

* determining filter design

* determining inlet flow and pressure required to
provide adequate flushing velocity

(1) Design factors

Before designing the hydraulic network, the designer
mustdeterminethetypeof minisprinklerorjet, flow
characteristics and spacing (S ), average minisprinkler
discharge rate (q ), average minisprinkler pressure
head (h), allowable head variation (AH,), and hours of
operation perseason (0). The type of minisprinkler
used will greatly affect the design and economics. For
example, theuse ofaminisprinkler with a zeroornear
zeroexponent (x) will significantly simplify the de-
sign and increase application uniformity, but may also
increase the cost of the system.

Figure 7-111 shows the simplification of the minis-
prinklerfield design ofthe almond orchard shownin
figure 7-99. The design pattern is identical for all three
blocks. The inset shown at the bottom right hand cor-
ner showsthe manifold design foronelateral pertree
row with atotal of one minisprinkler per tree.

Field observations of one minisprinkler per tree sys-
tems have shown that the wetted diameter produced
by 12.4 gallons per hour (46.93 L/h) single minisprin-
klerpertreeat25psi(172.4kPa) pressureisbetween
16and18feet(4.87and5.47m). Figure 7-112givesthe
final sprayerlayout, and figures 7-113 through 7-115
give the final design parameters for the project.

Percent area wetted (P )—Wetted diameter at 25 psi
is16.4feet;eequals 1; S’ for medium texture depth

soil equals 3.2; Sp equals24feet;andS equals 24 feet.
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Figure 7-111 Simplified minisprinklerfield designforthe almond orchard showninfigure 7-99

S
Mainline Pump
r A 8in
| > 648t |
D= e |
} —— 5 S % A , E % |
| Manifold l |
| 0. !j |
C |
- Flush
| — La&erals s& | Flush valve |
Sl=24ft %3 | manifold l
1] P " . 1 il
I P B
| I | Station 1
| .+ E Egh | 144ft, 4in
['e]
=y E (43.9m, 102 mm) 14486, 2-1/2in
| SeE | (43.9m, 63mm)
& g g
<t E 2
| v
\J
F 360ft, 31
< Lm > ,31in
| 6481t (110m, 76 mm)
e T = =——
Station 2 Manifold detail
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Thesurfaceareawettedbythespray:
A =16.4°n 340

4 360
=199.5 ft’
Wetted perimeter (PS):
16.4n=51.51t
From equation 7-10:
el A +(.58/xPS)]
p - L %100
v S8,
1/ 199.5+(.5x3.2x51.5
— [ ( )] x100
24x24

=48.9%

This is an acceptable design.

Figure 7-112 The minisprinkler/lateral/tree row-layout

Minisprinkler tree—lateral configuration

Wetteddiameter

|— 16.4ft —>]
Tree E? N

spacing Trees
24 ft

N

Mini-=
sprinklers

Tree row
lateralspacing
24 1t

Nozzle size, in (mm) 0.039(0.99)
Discharge rate g, gal/h (L/h) 12.4(46.9)
Wetteddlameteré tt(m) 16.4 (5)
Pressure h, Ib/ft (kPa) 25 (172)

X 0.53

K 2.25

24 ft

(2) Computations for design
+ MAD=30%;AWC=1.8in;RZD=5ft;F from
equation 7-11:
F  =(MAD)(WHC)(RZD)(P )
F_ =(0.30)(1.8)(6.0)(0.3542)
=1.15in(29.1 mm)

* Average peak daily ET , equation 7—1 a from
iAnput% getﬁ%eq}ﬁals‘b I8 nch] per

* Maximum allowableirrigationinterval, I,
F

It = ET
1.32

©0.28
—4.7

* Choose adesignirrigationinterval of 1 day (I, =
1day).

* Net depth of application
Fn = Ifd X ETc

=1x0.28

=0.281in

* Gross application depth, inch Fg (eq. T-15a);
Tr=1.0; Trail EU =90%; LR =0.0

Note: when Tr>1/(1-LR) or when LR<0.1no
extra leaching is required.

(FT)
F :L

T B

90/100
=0.31in

Grossvolumeofwaterrequired perplantper
day, gallonsperday (eq. 7-16).

r g
Pl K 7|

CV 0.07
Number emitter/tree 1.0
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Figure 7-113 Minisprinklersystem dataforadeciduous almondorchardinthe Central Valley of California
—

I Project Name—Happy Green Farm—Minisprinkle Date:

II Land and water resources

(a)  Field no. #3

(b)  Field area, acre (ha), A 115.68

() Average annual effective rainfall, in (mm), R 1.7

(d)  Residual stored soil moisture from off-season precipitation, in (mm), W 0

(e)  Water supply, gal/min (I/s) 1,000

()  Water storage, acre-ft (hasm) e

(g0  Water quality (dS/m) ECw 0.3

(h)  Waterqualityclassification Excellent (seefig. 7-15)
III Soil and crop

(a)  Soiltexture Siltloam

(b)  Available water-holding capacity, in/ft (mm/m) WHC 1.8

(¢  Soildepth, ft (m) 10

(@  Soil limitations None

(e) Management-allowed deficiency (%), MAD 30

® Crop Almond

(g)  Treespacing, ft x ft (m x m). Se x Sr 24 x 24

(h)  Treeroot depth, ft (m), RZD 5

(1) Averagedaily peak ET rate forthe month of greatestoverall wateruse, in/d (mm/d), 0.28

B,

G) Seasontotal cropconsumptive-userate,in (mm), ET, 36.74

(k) Leachingrequirement (ratio), LR 0
IV Emitter

(a)  Type Minisprinkler

(b)  Outletsperemitter 1

(c) Pressureheadpsi(kPa),h 25

(@ Rateddischarge@h,gal/h(I/h),q 12.4

(e)  Discharge exponent, x 0.53

® Coefficient of variability, CV 0.07

(g)  Discharge coefficient, k, 2.25

(h)  Nozzle diameter, in (mm) 0.039

® Wetted circle coverage, ° 340

()  Wetteddiameter, ft (m) 16.4

(k)  Manufacture’s screen recommendation 200 mesh

)] Spacing between emitters along a lateral, ft (m) S . 24

(m) Connectionlossequivalent, ft (m),f . 0.4

(n) Lateral line inside diameter, in (mm) 1.06
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Figure 7-114 Trial system design factors for a deciduous almond orchardin the Central Valley of Californiairrigated by a
s minisprinkler system

Minisprinkler system design factors Symbol Value
Trial design Single

(a) Emission point layout lateral

(b) Emitter spacing, ft (m) Sc 24

(c) Emission points per plant e 1

(d) Percent area wetted (%) Pw 48.9
(e) Maximum net depth of application, in (mm) an 1.32
(f) Average peak-of-application daily evapotranspiration rate, in/d (mm/d) ETC 0.28
(g) Maximum allowable irrigation interval (d) L 5

(h) Design irrigation interval (d) L 1

(1) Netdepthofapplication,in (mm) Fn 0.28
(§) Emission uniformity (%) EU 90
(k) Leachingrequirementratio LR 0.0
() Gross water application, in (mm) Fg 0.31
(m) Gross volume of water required/plant/d, gal/d (L/d) P 111.2
(n) Timeofapplication, h/d T 9

(0) Water supply (sustainable pumping rate), gal/min (L/min) WSr 1,000
(p) Inside diameter of lateral line, in (mm) D 1.06
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Figure 7-115 Final system design factors for a deciduous almond orchardin the Central Valley of Californiairrigatedbya
I minisprinkler system

Final Design Symbol Value
(a) Timeofapplication (h/d) T 9

(b) Designirrigation interval (d) Ifd 1.0
(¢) Grossdepthofapplicationateachirrig.in (mm) Fg 0.31
(d) Average emitter discharge, gal/h (L/h) q 12.4
(e) Average emitter pressure head, ft (m) ha 57.75
() Allowable pressure head variation (subunit) ft AHS 4.04
(g2) Emitter spacing, ft (m) Se 24.0
(h) Lateral spacing, ft (m) S1 24.0
(1) Inside diameter of lateral line in (mm) D 1.06
() Percent wetted area (%) P 48.9
(k) Number of stations N 2

() Total system capacity, gal/min (L/min) Qs 904.1
(m) Seasonal irrigation efficiency (%) Es 920
(n) Grossseasonalvolume,acre-ft(m?) Vi 375.4
(o) Seasonal operating time (h) Ot 2,254
(p) Totaldynamichead,ft(m) TDH 119.34
(g) Emission uniformity (%) EU 88.7
(r) Net application rate, in/h (mm/h) In 0.031
(s) Maximum net daily application, in (mm) I 0.37
(t) TFiltertype Disk
(u) Screensize (mesh) 200
(v) Minimum backwash pressure pr 40
(w) Nominal flushing line diameter, in (mm) D . 2

(x) Flushing Q into each branch of equal length, gal/min (L/min) Q @ 38.5
(y) Flushing valve diameter for laterals (rounded up) in (mm) Dv(u) 2.50
(z) Pressure requirement needed for flushing, psi, (kpa) P 1.41
(aa) Water supply (sustainable pumping rate), gal/min (I/min) W, 1,000.00
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* Determinetimeofapplication, T, hourperday
for each block (eq. 7-37); q, =12.4

(eq. 7-37)

* Roundup to9hours, and use two stations to give
18hoursof operation per day.

* Solve for q, by rearranging equation 7-14, q=12.4
gallons per hour; EU=90; CV=0.07; e=1.

q,xEU
qnleO(IO 121 \

- Je o)

124><90

" 100 1 1.27x0.07)
L )

=12.2 gal/h

* Solveforh by rearran(%i\ng equation 7-24.

(q \G)
h =, =
v k)

122)&53)
=\2.25

=24.31b/in’

Determine the allowable subunit pressure varia-
tion AH_psi;h equals 25 psi;h equals24.3 psi.
AH =2.50(h,-h)
=2.50(25-24.3)
=1.751b/in’ (4.04 ft)

The system flow requirement Q _ is determine

next using equation 7-42a; N = 2 stations;
A=115.7acres.

_Ae(q,)
U=K\ss,

115.7x1x12.4
=126 9 94x24

=904.1 gal/min

+ Seasonal irrigation efficiency, because Tr =1 from
table 7-15 and LR =0.0, the seasonal efficiency is
equaltoEU (eq.7-18).

E,=EU
=95.6%

GrossseasonalvolumeV, acre-ft—ET =36.741n;
R, =1.7in; W_=0.0in; E, =90%;A=115.7acre.

Fe =(ET,-R,-W)
=36.74-1.7-.0

=35.04
F

an

P = E,(1-LR,)
35.04

i 90/100(1-0.0)
=38.93in

CR(A)

3883x115.7

i

12
=375.4 acre-ft

* Seasonal operating time, O,, hours from equation

43,
0-k[ Y|
\Q,/

_5430375 4

904.1
=2254h

Lateral line design and system layout—Lateral line
design procedures are essentially the same for drip
and spray irrigation systems. The design procedure
includes determining the manifold spacing, the mani-
fold layout, and the maximum pressure head variation
alongthelaterals.

. Mamfold spacing—F = 0.38 from table 7-24;
=0.4ft; S, =24ft;1lateraldiameter D,.=1.06

in; qa— 12.4 gal/h, AH =4.04ft. Select alateral

length of 648 feet; calculate lateral flow rate and

frictionloss. Try to maintain pressurelossto
0.5AH.,
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ql= L q, AE-L slope
S, 60 %100
B 648 12.4 =432x0.005
24 60 ~2.16ft
=5.58 gal/min
AElI=-2.16
’ 175 . . .
h=FLKQ" Calculate the tangent location of the friction
f 4.75
D , slope, Y (eq. 7-67).
03861 2404 07335581 x
( 924 J 1.06*7 ( AE)
=5.03ft Y=LF th
0.57
(eq. 7-52g) :ro'?’gm
1.69
=067

* Thisis greater than 0.5AH_. Calculate new length
that will meet loss requirement using equation

7—-66b.
L =L {(hf) —Jk
b a ] aJ

.36
|F2.021|
| 5.03 ]
=466 ft

=648

Tosimplify construct on the east side, use six
manifoldsequally spaced at432feet;onthe west
side; use three equally spaced manifolds at 432
feet.

Determine manifold position—Slope = 0.5%
Calculate new lateral flow and friction loss
Laq,

S, 60
432124

24 60

ql

=3.72 gal/min (eq.7-64)

h — F L,K Q1.75

f 4.75

=0.39><432(24+0‘4\ .001333,72 175

( 24 1.064.75

=1.72ft

Fromtable 7-26,read thex/lposjtion, z, using AE
an?i senterthe tabfle Wlllfil tlllg%o ovs?ing ratlllog

AE

=127
hf

Readz1s0.91.Locate manifoldat0.91x432=
393 ftfrombottom end.

1,=393ft] =39ft

Thiswould leave only one sprinkler on the uphill
side. For easy of construction, move manifold to
uphill end of lateral.

The inlet pressure is then determined by equa-
tion 7—65c for a single lateral. The lateral friction
loss would be h=1.72 feet.

ho=h s AR

1 a 4 2
=57.75+ 3 (1.72)+ =2.16
4

=57.961t

aefotloyring twopleces of information are algo
andAh.

c
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Ah=AE-h, Usingamultipleoutletfactorof0.38, thetotalfriction
—916-1.72 loss for the manifold can be calculated as shown.
=0.47

Q(gal/min) DGn) L) V (ft/s) hf(Et)
Ah =AE(Y)-h (Y)2-75 100.44 4.28 144 2.24 0.24
¢ f
9 16( 67)—1 72( 67)2'75 74.4 3.28 360 2.83 1.26
_0' a8 ' Y 22.32 2.65 144 2.66  0.17
o Total 1.66

Typically, manifolds are tapered and should have
nomore thanfourpipe sizes, with the diam- 0.55 feet are added forlocal losses. The total now
eter ofth.e smallegt no I?SS t}}an halfthatofthe come to 2.36 feet. Calculate AH ' using equation
largest pipe. Manifold pipe size for rectangular 7-90. "
subunits can be selected either by the eco-

nomic—chart method orbythevelocity method,

which limits the pipe velocity to 5 feet per sec-

ond. Manifolds will be laid across the slope so

there is no elevation variation.

Because of barb and connectionlosses, another

AH_ ' =MxH, +0.5AE]
=0.5x1.66+0.5x0
~0.83ft

* There are 27 rows of trees on either side of a
road; use equation 7-74 to determine manifold

Pressure required at the mainline is then deter-
mined by (eq. 7-75a).

length. H —h +AH |
L = (n - 1 S no] N
- - =57.93+0.83
» L o) =58.76 ft
S,=(27-.5)24=6361t (eq. 7-T74)

Mainline design—Selecting pipe sizes for the main-
linesisbased on economic, pressure, and velocity cri-
teria. A detailed example of the use of the economic-
chart method of mainline design was presented in the
firstdesignexample. Thisexample willusethe 5feet
persecondvelocity criteria.

This design ends up with 18 blocks of 648 by 432
feet watered in two stations of 9 blocks each.

The allowable pressure variation for the mani-
fold is determined next.

(AHm ) = AHS —Ah’ Determineflow rateforeach section, thensize

=4.04-0.82
=3.22ft (eq. 7-72)
where:
Ah' = the greater of Ah or Ah ; in this case Ah
isgreater

The manifold flow rate is 27 times the lateral
flowrate. Usethevelocity method and allowable

the pipe to obtain a velocity as close to 5 feet per
second without goingover. Thenobtain the pres-
sure headrequired toovercome pipe friction and
elevation differences. Use the Hazen-Williams
equation with a friction factor of C=150for plas-
ticpipe.Resultsareshownintable 7-34.

Critical point would be from the pump to point H
with2.59 psior6.0feet.

Total dynamic head—The TDH required of the pump

isthe sum ofthefollowing pressure head require-
q,=27x3.72 ments.

=100.44 gal/min

pressure variation to size manifold pipe.
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Manifold inlet pressure, ft 58.76 EU= 100[1 _1.27 CV\ q,
Mainline friction 6 L ? q_
Suctionfrictionlossandlift 10 2
Filter-maximum pressure head differential 23.1 _ 100(1 B ﬁ 0. 07\0 9785
Fertilizer injection T a )
Flow meter 3.04
Main control valves 0.15 =89.7%
Manifold inlet valve and pressure regulator 6.9
Lateral risers and hose bibs 2.3 The net application rates I andl )-8 =24 feet, S =
Safety screens at manifold or lateral inlets 2.3 24 feet,e=1,q =12.4. ! e r §
Lateral or header pressure regulators e *
Friction-loss safety factor at 10 percent 6.6 890.7x1x12.4
Additional pressure head to allow for deteriora-  119.13 I,=1.604 100x24x24
tion of emitters TDH ~0.031in/h

Determine the final emission uniformity, EU. Where H

=58.76 ft, AH “=0.83 ft, Ah=0.82 ft, h =57.93 ft, x=

0.53,CV=0.07,e=1.

X

+ Afterasystembreakdown, each of the two sta-

tions can be operated 12 hours per day to give
[ =0.031x12

h 0.37in/d
( _A =V. 1n.
0.53
_}58 76— 0.83- 0.82)
L 57.93
=0.9
Table 7-34  Mainline friction loss for microspray example
—
Point Station Pipe Flow rate Distance AEL Velocity Friction  Required
diameter (gal/min) (ft) (+-) (ft/s) lossthis  pressure
(in) section  (lb/in?
(f)
From To
P-B 0 1080 10 904.1 1080 -2.16 3.69 4.26 0.91
B-C 1080 1512 10 803.2 432 -2.16 3.28 1.37 0.57
C-D 1512 1944 602.4 432 -2.16 3.85 2.38 0.66
D-E 1944 2376 401.6 432 -2.16 4.56 4.56 1.70
E-F 2376 2808 200.8 432 -2.16 2.28 1.26 1.31
Point Station Pipe Flow rate Distance AEL Velocity Friction  Required
diameter (gal/min) (ft) @) (ft/s) loss this  pressure
@in) section (Ib/in2)
(ft)
From To
P-G 0 648 602.4 648 3.85 3.55 1.55
G-H 648 1080 401.6 432 -2.16 4.56 4.56 2.59
H-I 1080 1512 200.8 432 -2.16 2.28 1.26 2.20
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Filter design—Use manufacturer’s recommendation
0f200-mesh screen;select atleastabank ofthree that
willhandle aflow rate of 900 gallons per minute and
has auto backflush. Backflush pressure is generally in
therange of 40 psi. This should be checked against the
TDH requirementtoseeifthe TDH needstobe adjust-
ed higher. Inthiscase, it doesnot.

Flush manifold design—Set flush velocity to 1 foot
per second. Toreduce pipe size design for a branched
manifold, placethevalveinthe middleand flushfrom
both ends. Select the manifold diameter using equation
7-79. The number of laterals flowing in the manifold
wouldbe 648+24+2=13.5;use N, =14, lateral diam-
eter D, =1.06 inches.

D,=0.5D, N,
—0.5x1.06\14

=1.98in

Use anominal flushing line diameter of 2.0 inches.

* Flowrateforeachbranchisdetermined using
continuity equation Q = AV and equation 7-54.
VN D*
Q = 70400
1x14x1.06”

0.409
=38.5gal/min

Determine the pressure requirement for flush-
ing. First, determine frictionlossforhalfofthe
manifold since each half will be the same. Use
equation 7-52where,1=324ft, q=38.5gal/min,
f=0.4ft,S =24ft, F=0.39 (table 7-24 D=

2.193 in.

h=FLKQ"

f D4. b ‘
=o.39x324fM\f.00133m
( 24 2.1934.75

=2.441t

+ Next, determine flushing valve size (eq. 7-80)
limit pressurelossto 0.5 psi; =77 gal/min, Pv=
0.5 psi.

D -k V& 0207 —2.99in

(]‘:y )0.25 52

+ Usea2.5valve.Theactual pressurelossiscalcu-
lated rearranging equation 7-80.

Pofk Q]
| D]
_| 0.22*/ﬂf

25 |
=0.3551b/in? (0.82 ft)

* Finally, the flushing riser height is at ground
level. The total pressure requirement is the sum
ofthevalveloss, frictionloss, and the elevation
difference of the riser.

P.=h,+P_ +AEl
(2.44+0.82+0)

2.31
=1.411b/in’

(d) Subsurface drip irrigation system for
a field crop (cotton)

The following SDI system design is for a cotton crop
grown in the San Joaquin Valley of California. The field
has similar size, shape, and soil and water characteris-
ticsasthose ofthealmond orchard outlined in figure
7-106 and the orchard layout map (figs. 7-110 and 7—
99).

Designing a SDI system for a field crop will need to
follow similar procedures:

Step 1:  Select the emitter or emission point
spacing (S),lateral spacing (S), duration of ap-
plication (T), number of stations (N), and aver-
ageemitterdischarge (q) and operating pressure
head (h,).

Step 2:  Determine AH , the allowable variation
in pressure head that will producethedesired
uniformity of emission.
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Step3: Position the manifolds and design the
laterals for sloping rows (not a problem for slight-
ly sloping ground and when using a PC emitter).

Step 4: Design the manifold, and select econom-
ical pipesizesforboth manifoldsand mainlines.

Steps: Compute system capacity and total dy-
namic operating-head requirements.

Step 6: Determinefilterdesign.

Step7: Determine inlet flow and pressure re-
quired to provide adequate flushing velocity.

(1) Design factors

Before designing the hydraulic network, the designer
must determine the type of emitter, emitter flow char-
acteristics and spacing (S ), average emitter discharge
(q), average emitter pressurehead (ha), allowable
head variation (AH), and hours of operation per sea-
son (0). The type of emitter used will greatly affect
the design and economics. Thisexampleusesa PC
emitter with a zero or near zero exponent (x) and a
CV of 0.035. The operating pressure range for the PC
emitteris 7to 25 psi. Forfield crop applications, more
laterals and emitters are needed than for an orchard,
sothatinthisexample,theapplicationflowratewill
farexceedthatusedinanorchard,and the800gallons
per minute (3,028 L/min) capacity is more than tripled.

To meet the sustainable pumping rate of 800 gallons
per minute (3,028 L/min), the field is divided into three
separateblocks. Eachblock designis similar, buteach
block is irrigated separate. The inset shown at the
bottom right-hand corner of figure 7-116 describes the
fieldlayoutforthethreeidenticalblocks.

Figure 7-117 shows the emitter/lateral/plant/row
layoutthatusesonelateral pertwo 30-inch (0.76 m)
plantrows, oneemitterper 1.75feet(0.532m), and
anhourlyapplicationrateof0.04inch perhour (1.0
mm/h).

Thisdesignalsoreducesthenumber of manifolds
from 6to 3 and the number of flushing manifolds
from 12to6. Byincreasingthenumberoflateralsand
reducing the emission rate of the emitters from 1.41
gallons perhourto0.29 gallons perhour(3.785L/h
t00.984L/h),the applicationrate of water may more
closely approximate the absorption rate of the soil
and is better suited for high-frequency irrigation. This
designwill also spread the water overalarger soil

Figure 7-116 Design for a field crop SDI system for the
e {ic]d shown in figure 7-99

Mainline Pump
1
! |
| -
| o 6481t 6481t I
= I
I S - |
o &=
I =% -5 © Station 1 |
| =% E‘nl |
! 'E gtation I
I = 2 Flushing Egﬁ}é |
I manifold |
| v |
*-Hlllﬂ \J —— _. _____ ._ — -
| B |
| I
I I
| 4— Laterals
| Sl=5ft :
| Station 3 |
I I
| I
I I
IE-E‘EE |
Figure 7-117 Emitter/lateral/plant/row layout
S
Row spacin Row spacin; Row spacin;
' 2.5 ft (0.76m% 1251t (0,76m% ' 2.5t (0.76m) !
—> —>
| | | |
1 1 1 1
1 1 1 1
1 1 1 1
é é é ’ Emitter
o o) @ o 1
Emitter
‘ ‘ ‘ ‘ spacing
1.751t
’ Q ’ ’ (0.53m)
Plant
. . . . spacing
‘ ‘ ‘ 0.375 ft
1 1 1 :
! ! '
1

—— Lateral spacing —p|
Cotton 5ft (1.52m)
plant

Nonleak, pressure compensated emitter drip hose
Discharge rate, gal/h (I/h) 0.29(1.09)
Discharge exponent x 0.0

Pressure range, psi (kPa) 10-60 (69-414)
Wettedstrip, ft (m) 2.0(0.61)
Lateral inside diameter, in (mm) 0.62 (16 mm)
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volume and will help minimize surfacing and deep per-
colationof waterinthe medium texturedsoils. Field
observations of high-frequency-operated SDI systems
(installedat 1.5to0 2 ft(0.456t00.608 m) depth) have
shown that the wetted diameter produced by 0.29 gal-
lons per hour (0.984 L/h) emittersin a silt loam soil is
between 2.0 and 4.0 feet (61 to1.22m).

This designis made possible by the use of pressure
compensated emitter (PC) with exponentx=0. Tostay
withinthe pump capacity, thefieldisdividedintothree
equal blocks, operated sequentially.

The emitter/lateral/plant/row layout that uses a single,
lateral per 5-foot (1.52 m) bed with two rows of cotton,
a total of eight plants per emitter with an hourly appli-
cationrate of 0.04inch per hour (1.08 mm/h) is shown
in figure 7-117.

Thebackgrounddataonlandand waterresource and
plant and soil and emitter hydraulics are outlined in
the MI design factors sheet (fig. 7-118). The initial
design data and the final design results are outlined
infigures 7-118 and 7-119, respectively. These data
sheets serve asa guide and provide a convenient place
torecord results ofthe varioustrial and final computa-
tions.

Percent area wetted (Pw)—With row crops, theidea
istohaveawetted stripalongthelateral. Thearea
wouldbethe wetted diameter of the emitter timesthe
lengthofthelateral. Sincethelengthofthelateralis
undetermined, aunitlengthisused;bed width=>5feet;
wetted diameter or S =2.0feet.

Figure 7-118 Trialsystem design factors fora cotton fieldinthe Central Valley of Californiairrigated by a high-frequency,

eessssss—— pressure compensated SDI system

SDI system for field crop (cotton) design factors Symbol Value
Trial design

(a) Emission point layout Single lateral
(b) Emitter spacing, ft (m) Se 1.75
() Emission points per plant e 0.107
(d) Percent area wetted (%) Pw 40
(e) Maximum net depth of application, in (mm) Fmn 1.8
® Ave. peak-of-application daily transpiration. rate, in/d (mm/d) Td 0.33
(g Maximum allowable irrigation interval (d) If 5.5
(h) Design irrigation interval (d) Ifd 1

@) Netdepthofapplication,in (mm) Fn .33

G Emission uniformity (%) EU 90
(k) Leachingrequirementratio LR 0.0

) Gross water application, in (mm) Fg 0.37
(m) Gross volume of water required/plant/day, gal/d (L//d) F(gp/d) 2

(n) Timeofapplication, h/d Ta 7.00
(o) Water supply (sustainable pumping rate), gal/min (L/s) WSr 1,000
(p) Inside diameterofdripline,in (mm) D 0.875
(@ Irrigation water quality (dS/m) EC 1.4
(r) Plant salt tolerance (dS/m) EC 7.7

t
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From equation 7-8: Computations for design
wetteddiameter + MAD=50%;AWC=1.8in;RZD=5ft;F from
" pedwidth x100 equation 7-11.
=_x100 =
5 F_ =(MAD)(WHC)(RZD)(P, ) (eq. T-110)
=40% Average peak daily ET, equation 7-12a, from

Thisissmall, but willbe used forthe design. In
reality, thisvalue should be upwardsof 70 per-
cent.

input sheet Et_=0.33 in/d.

Maximum allowableirrigationinterval, I,

Fmn .
IL.=— - =55

f
ET, 0.33 (eq. 7-11g)

Figure 7-119 Final system design factors fora cotton field inthe Central Valley of California irrigated by a high-frequency,
I pressure compensated SDI system

Final Design Symbol Value

(a) Timeofapplication,h/d Ta 7.00
) Designirrigationinterval,d Ifd 1

() Grossdepthofapplicationateachirrig.,in (mm) Fg 0.37
(@ Average emitter discharge, gal/h (L/h) qa 0.29
(e) Average emitter pressure head, ft (m) ha 69.3
® Allowable Pressure Head Variation (subunit) Hs 115.5
(2) Emitter spacing, ft (m) Se 1.75
(h) Percent wetted area, % Pw 40

) Number of stations N 3

G Total system capacity, gal/min (L/min) Qs 928.2
(k) Seasonal irrigation efficiency, % Es 90

4)) Grossseasonal volume, acre-ft (m?) Vi 302.7
(m) Seasonal operating time, h Ot 1,771
(n) Totaldynamichead, ft (m) TDH 168.8
(o) Emission uniformity, % EU 96.2
(p) Net application rate, in/h (mm/h) In 0.051
(@ Maximum net daily application rate, in (mm) Imn 0.41
() Totalfilter area perpendiculartoflow, ft(m?2) Apf 36.84
(s) The minimum number of filter tanks (rounded up to next integer) Nt 3.00
t) Minimum backwash flow rate from table 7-29b BfM 72
(w Nominal flushing line diameter for downhill laterals, in (mm) Df 2.5
) Flushing Q into each branch of length, gal/min (L/min) Qf 61.2
(w) Flushing valve diameter, in (mm) Dv 3

(x) Pressurerequirement for flushing Pf 2.98
(y) Lateral spacing, ft (m) Sl 5.00
(z) Water supply (sustainable pumping rate), gal/min (L/min) WSr 1,000
(aa)  Insidediameterofdripline,in(mm) D 0.62
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* Choose adesignirrigationinterval of 1day. I =
1d.

. gﬁg%)eglt‘hofapplication, F =1, xET =1x0.33

* Gross application depth, inch Fg (eq 7-15a);

Tr=1.0; Traill EU =90%.

Note:when Tr>1/(1-LR) or when LR<0.1,noextra
leaching isrequired.

Salt tolerance of crop (EC t)

’

C=
Electrical conductive of irrigation water (ECw)
7.1

1.4
=55

(eq. 7-22)

Leaching requirement is then calculated from
equation 7-23.

L - 0.1794
T FyCS,0417
Noextrawaterisneededforleaching. Usean LR

0f0.0.

Thestarting EUisourselected design EU,inthiscase
becauseofthe PC emitters; theonly variationinflow
comes from the manufacturer’s variation or CV. There-
fore, the design EU can be determined using equation
7-14withq=q, Where theplantspacingislessthan
the emitter spacing, the emitter per plant, because one
andforallintents and purposes, never becomesless
than one.

EU=100/1.0- 127CV)da 19
( . q,
The grossapplication depth now becomes
F
F.=EU
100
=0.35in/d

With field crops where the crops most times are
spaced closerthan the emitters, the gross volume of
waterperplantperdayisnotrelevant,andtheemit-
ter spacing can be substituted for the plant spacing.

Equation7-16isusedtocalculatethegallonsperday
per emitter.

; KH%&FJ
(eprd) { I, J
:0623[5xL75x0371

]
=2.0 gaLl/d !

* Determinetimeofapplication, T ,hoursperday
for each block (eq. 7-37) ; with q = 0.29.

Use 7hours. Divide thefield into three sets of
7hours each, which would be a total operating
time of 21 hours per day.

* The system flow requirement, Q , is determined
next using equation 7—42a; N = 3 stations;
A=115.7acres,e=1,q,=0.29gal/h, Sp= 1.751t,

S =51t.
Ae(a,)
Q=K 88

_796 115.>'<7><.1><>9.29

=928gal/min

* Then, calculate the seasonal irrigation efficiency,
T =1fromtable 7-15. LR =0.0, because Tr<1/
(1-LR), the seasonal efficiencyisequal to EU
(eq. 7-18).

E =EU
= 95.6%

* Calculate gross seasonal volume, V, acre-ft —
ET =30in;R,=1.7in; W =0.0in; E =95.6%; A

=115.7 acres
F<an) :(ETS—RE—WS)
=30-1.7-0.0
=28.31n
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F , 175
= h=FLKQ"
E,(1-LR,) ¢ D+
28.3 (1.75+0.1) 3 5717
BE (1-0.0) =0.36x1,296 175 | x 0.875 %™
100 0.00133
=11.471t
=29.6in (eq. 7-52)
F (A)
V= K Becauseofthe downhill slope, the gainineleva-
_31.4x115.7 tion will compensate for some of the friction.
12

=285.7 acre-ft

* Seasonal operating time, O,, hours from equation

7—43. .
vV
Ot :KL_J
Q,
:5,430285.7
928

=1,672h (eq. 7-43e)

Lateral line design and system layout—Because of
the pressure compensating qualities of the emitters,
theemitter becomesthe pressure control, and aslong
as the minimum operating pressure (plus some fac-
tor of safety) is maintained, everything upstream of
the emitter (e.g., laterals, manifolds, mainline) can be
designed using economic and velocity restrictions.
Design the blocks using a single lateral layout (i.e., the
manifoldisattheheadofthelateral),laterallength of
1,296 feet. The pressurerange fortheemitteris7to
25psi. Tomaintain alow pressurebut stillhave some
factor of safety, select 10 psiasthe minimum design
pressure of the lateral. Calculate the elevation change
andfrictionlossfortheselectedlateraldiameter.

+ J.is1.296 if 1s0.1feet i ;S 1s1.75
elest; _?s (?eSQ’%f fnlghes; 8%8%?5823 gr]{s p“er1 %our;
F from table 7—24 is 0.38. Use equation 7-63 to
calculate lateral flow rate and equation 7-52.

l q,

S, 60
1296 0.29

1.75 60
=3.57 gal/min (eq. 7-63)

ql=

Totalloss =h, —AEl
=11.47-.005%x1,296

=4.98 ft
=2.15psi

Tokeepthe minimum operating pressureof 10
psi, the minimum lateral inlet pressure would 13
psior 30 feet.

Typically, manifolds are tapered and should have
nomore than four pipesizes, withthe diam-
eterofthe smallestnolessthanhalfthatofthe
largest pipe. Manifold pipe size for rectangular
subunitscanbe selected either by the economic—
chart method or by the velocity method, which
limits the pipe velocity to 5 feet per second.
Manifolds will be laid across the slope so thereis
no elevation variation.

There are 130 rows of cotton on either side of a
road; use equation 7-74a or 7-74b to determine
manifoldlength.

L = (n 1)

- —;JSr

r

S =(27-.5)24=636ft

* Thisdesign ends up with three blocks of 648 feet

by 1,296 feet, each block watered with a set of 7
hours.

The manifold flow rate is 130 times the lateral
flowrate. Usethevelocity method and allowable
pressure variation to size the manifold pipe.

q,, =130x3.57
=464.1 gal/min
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Using this flow rate data, the manifold friction .
losses are calculated.

F Q D L \ h,
(gal/min)  Gn) (ft) (ft/s) (ft)
0.36  464.10 7.76 100. 3.15 0.14
0.36  392.70 6.28 300 4.04 1.02
0.36 17850 4.28 250. 3.91 1.10

Total 2.12

Add0.59-footlossfrom barb and hose connections;

Determinetheflowrateforeachsection. Then,
size the pipe to obtain a velocity as close to 5
foot per second without going over. Next, obtain
thepressure head required toovercome pipe
friction and elevation differences. Use the Hazen-
Williams equation with a friction factor of
C=150forplasticpipe. Seetable 7-35for sum-
mary of mainline friction loss.

Critical point would be from the pump to point A
or Cwith 1.28 psior 29.5feet.

the total manifold losses are 2.71 feet. Calculate Total dynamic head—The total dynamic head (TDH)
AH 'usingequation 7-97. required ofthe pumpisthe sum of the following pres-

AH " =MxH, +0.5AEl

surehead requirements:

=0.5x2.71+0.5x0

Manifold inlet pressure, ft 31.35
=1.35ft (eq. 7-97) Mainline friction, ft 3.0
Suction friction loss and lift, ft 10
Pressure required at the mainline is then deter- Filter-maximum pressure head

mined by equation 7-75a.

differential, ft

Fertilizer injection, ft

! coee
Hm = h] + AHm Flow meter, ft 3.0
-30+1.35 Main control valves, ft 0.15
Manifold inlet valve and pressure
=31.35ft (eq. 7-75a) regulator, ft
Lateral risers and hose bibs, ft 2.3
Mainline design—Selecting pipe sizes for the main- Safety screens at manifold or lateral
linesis based on economic, pressure, and velocity cri- inlets, ft
teria. A detailed example of the use of the economic- Lateral or header pressure regulators e
Friction-loss safety factor at 10 percent 8.2

chart method of mainline design was presented in the
first design example—Drip system. This example will
use the 5feet per second velocity criteria.

Additional pressureheadtoallowfor
deterioration of emitters, ft
Total Dynamic Head (TDH) 90.4

Table 7-35  Mainline friction loss summary for SDI cotton example

—
Point Station Pipe Flow rate Distance A EL (+/-) Velocity  Friction  Required
diameter (gal/min) (ft) (ft/s) loss this  vressure
P From To Gn) section (b/in2)
(ft)
A 0 648 9.8 928 648 3.95 2.96 1.28
B 648 1,944 9.8 928 1,296 -6.48 3.95 5.92 1.04
Point Station Pipe Flow rate Distance A EL (+/-) Velocity  Friction  Required
diameter (gal/min) (ft) (ft/s) loss this  pressure
P From To G(n) section (b/in?)
(ft)
C 0 648 9.8 928 648 3.95 2.96 1.28
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* Determine the final emission uniformity,
where: H is111.55ft;AH is1.35ft;Ahis58.9ft;
h, 1s69.3ft;xis0.0; CVis0.035;ande=1.

q, _(Hm—AHm—Ah\x
q, k h, J
0.0
(111.55-1.35-58.9)

L 69.3 )

~1.0
(127 \q
EU=1001—_ b
A V)
- 100(1—£o.035 1.0
N
— 95.6%

* The net application rates (I andI )—S =24ft;
S =24ft;e=1;andq =12.4. oo P

T

96.2x1x0.29

100x1.75x5
=0.0511in/h

1 =1.604

Afterasystembreakdown, eachofthethreesta-
tions can be operated 8 hours per day to give:

I_=0.051x8
=0.411in/d

Design the filter—The waterisrelatively clean, so
select a flux of 25 gallons per minute per square foot
(1,018.569 L/m?. Next, determine the type and size of
media to use. Since no manufacturer’s recommenda-
tionwasgiven, therequired filter sizeisbasedonthe
emitter diameter:

0.035 . .
——— =0.00351n (90 microns)
10

Fromtable 7-18,therequired meshsize wouldbea
180 mesh. Because the laterals are buried, minimize
thechancesofpluggingbyusingasand mediafilter.
From table 7-28, select number 16 crushed silica for
the media type. For backflushing and maintenance
purposes, use a minimum of three tanks. Then, using
equation 7-78, rearrange to solve for tank flow.

Q.

N
928.2

3
=309.4 gal/min/tank

t,

Then, from table 7-27, using 25 gallons per minute
flux, select a tank size of 48 inches. Thisisonthe
borderline. Depending on the water source, four tanks
may be better to provide a buffer for changesin the
water quality. For this design, three 48-inch tanks are
used. Because of the smaller backflush requirements,
selectahorizontaltank and from table 7-29(b), a
backwash flowrate of 72 gallons per minute per tank.
Ifadifferentnumberoftanksisdesired, usethe same
procedure substituting the desired number of tanks
intoequation 7-78.

Thebackwash flowrateis 72gallons per minute,
which shouldbe easytosustainbythe pressure sus-
taining valve, assuming that the pump has adequate
pumping capacity.

Flush manifold design—Set the flush velocity to

1 foot per second. Reduce pipe size design for a
branched manifold by placing the valve in the middle,
and flush from both ends. Select the manifold diameter
using equation 7—79. The number of laterals flowing in
themanifold wouldbe N =648/5/2=65,lateral diam-
eter D,=0.621inches.

D, =0.5D, /N,
—0.5x0.62465

=2.49in (eq. 7-103)

Use a nominal flushing line diameter of 2.5 inches.

Flowrateforeachbranchisdeterminedusingcontinu-
ityequation Q=AV.
VN D*

f d
Q=F 5409
1x65%x0.62°

0.409
=61.2 (eq. 7-104)
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* Determine the pressure requirement for flushing.
First, determine frictionlossforhalfofthe mani-

fold since eachhalfwillbe the same. Useequa-
tion7-52:0.5L=324ft;q=25.4gal/min;f_=0.4
ft; Se=6ft; F=0.38 (table 7-24); D =2.655in.

h =F LKQ"
f
~0.36x 324(5+0 6.00133 612"
JO 2,655
—2.17ft

Next, determine the flushing valve size (eq. 7-80)
limitpressurelossto0.5psi, qis 77 gal/min, and
P is0.5psi.

DK\/i
(P)a

=0.22

'5.25
=2.891n

Use a 3.0-inch valve. The actual pressure loss is
calculatedrearranging equation 7-80.

Pl fa
|LDJ
Jmﬂ

_\022

=0.433Ib/in®> (1ft)

Finally, the flushing riser height above the lateral
is 3 feet. The total pressure requirement is the
sum ofthevalveloss, frictionloss, and the eleva-
tion difference of the riser.

P.=h,+P, +AE]L
(2.17+1.0+3)

2.31
=2.981b/in’

623.0713 Field evaluation

Successful MI requires that the frequency and quantity
of water application be scheduled accurately. Unifor-
mity of field emission (EU’) must be known to manage
the quantity of application Unfortunately, EU’ often

chan es Wi %lbtl e efore stem’s perfor-
Thante must be checke perlé 1ca y.

The data needed for fully evaluating a MI system are:
* duration, frequency, and operation sequence of a
normal irrigation cycle

* soilmoisture deficit (S )and managemental-
lowed deficit (Ma’) in the wetted volume

+ rateofdischarge attheemission points and pres-
sure near several emitters spaced throughout the
system

*+ changes in rate of discharge from emitters after
cleaning or other repair

percentage of soil volume wetted

* spacingand size of treesor other plantsbeing
irrigated
* locationofemission pointsrelativetotrees,

vines, or other plants, and uniformity of emission
point spacing

lossesofpressureatthefilters
*+ general topography
+ additional data indicated on figure 7-120

(&) Equipment needed
The equipment needed for collecting the necessary
field data includes:

pressure gage (0to 25 psirange (0to 34.5kPa))
with “T” adapters for temporary installation at
eitherendofthelateralhoses

stopwatch or watch with an easily visible second
hand

graduated cylinder with 250-milliliter capacity
measuring tape 10to 20 feet (3.04t06.08 m) long
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(b)

funnelwith 3-to6-inch(76.2t0152.4mm) diam-
eter

shovel and soil auger or probe

manufacturer’s emitter performance charts
showing the relation between discharge and
pressure, plus recommended operating pressures
and filter requirements

sheet metalor plastictrough 3feet(0.912m)
long for measuring the discharge from several
outlets in a perforated hose simultaneously or
the discharge from a 3-foot (0.912 m) length of
porous tubing (a piece of 1 or 2in (25.4 or 50.8
mm) PVC pipecutinhalflengthwise makesa
good trough)

copiesoffigure 7-120forrecording data

Field procedure

This field procedure is suitable for evaluating systems
that haveindividually manufactured emitters (or
sprayers) and systems that use perforated or porous
lateral hose. Fill in the blanks of figure 7-120 while
conducting the field procedure.

Step 1:

Fillinparts 1, 2,and 3concerning the

general soil and crop characteristics throughout
thefield.

Step 2: Determine from the operator the dura-
tion and frequency of irrigation and the estimate
ofthe MAD to complete part 4.

Step3:

Checkandnoteinpart5the pressures

attheinletandoutletofthefilter and,if practi-
cal, inspect the screens for breaks and the screen
fittings for passages allowing contaminants to
bypass the screens.

Step 4:

Fillinparts 6,7,and 8, which deal

with the emitter and lateral hose characteristics.
(When perforated orporoustubingistested, the
discharge may be rated by the manufacturer in
flow per unit length.)

Steps: Locate four emitter laterals along an
operating manifold (fig. 7-86); one should be
near the inlet, two near the one-third points, and
the fourth near the outer end. Sketch the system
layout, and note in part 9 the general topography,

7-186

manifold in operation, and manifold where the
dischargetestwillbeconducted.

Step 6: Recordthesystemdischargerate (ifthe
systemisprovided with a water meter) and the
numbers of manifolds and blocks or stations. The
number ofblocksisthe totalnumber of manifolds
divided by thenumberof manifoldsinoperation
atanyonetime.

Step7: Forlateralshavingindividual emitters,
measure the discharge at two adjacent emission
points (denote as A and Bin part 14) at each of
four tree or plant locations on each of the four
selected testlaterals. Collect the flow for a few
minutestoobtainavolumebetween 100and 250
milliliters for each emission point tested. Convert
each reading to milliliters per minute before enter-
ingthedatainpart14. Toconvert milliliters per
minutetogallons perhour, divideby 63.

Thesestepswillproduce 8pressurereadingsand
32dischargevolumesat 16 plantlocationsfor
individual emission points used in wide-spaced
cropsthathave 2 or more points per plant. For
perforated hose or porous tubing, use the 3-foot
(90.912m) trough, and collect adischargeread-
ing ateach ofthe 16locations described. Because
thesearealready averages from two or more out-
lets,only onereadingisneeded at eachlocation.
For relatively wide-spaced crops, such as grapes,
whereonesingle-outlet emitter may serveoneor
more plants, collect a discharge reading at each of
the 16 locations described. Because the plants are
served by only a single emission point, only one
reading shouldbe made ateachlocation.

Step 8: Measure and record in part 15 the water
pressures at the inlet and downstream ends of
each lateral tested in part 14 under normal opera-
tion. On the inlet end, this requires disconnect-
ingthehosebeforereading the pressure. Onthe
downstreamend, the pressurecanbereadafter
connecting the pressure gage in the simplest way
possible.

Step 9:  Checkthe percentage of the soil thatis
wetted at one of the tree locations on each test
lateral, and recorditin part 16.Itisbest toselect
atreeatadifferentrelativelocationoneachlater-
al. Usethe probe, soil auger, or shovel, whichever
seemstowork bestforestimatingthereal extent
of the wetted zone about 6 to 12 inches (0.152
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Figure 7-120  Form for evaluation data

|

1. Location ,observer , date

2. Crop: type ,age years, spacing ft (m)
rootdepth ft (m) percentage of area covered or shaded %

3. Soil: texture , available moisture in/ft (m/m)

4. Trrig: duration h, frequency daysMad %, in (mm)

5. Filter pressure:inlet psi(kPa),outlet psi, (kPa) loss psi (kPa)
6. Emitter: make type ,pointspacing ft (m)

7. Rated discharge per emission point gal/h (L/h), atpsi(kPa)
Emission points per plant ,giving gal/plant/day (L/plant/d)

8. Hose: diameter in (mm), material ,length ft (m), spacing ft (m)

9. System layout, general topography, and test locations:

10. System discharge gal/min (L/min), no. of manifolds andblocks
11. Average test manifold emission-point discharges at, 1b/in? (kPa)
Manifold=(Sum ofall averages, gal/h (I/h))/(Number of averages) = gal/h (L/h)
Low 1/4=(Sum of low 1/4 averages, gal/h (L/h))/(Number of low 1/4 averages) = gal/h (L/h)
12. Adjusted average emission-point discharges at 1b/in? (kPa)
System = (DCFY ) x (manifold average gal/h (I/h)) = gal/h (L/h)
Low 1/4=(DCF ) x (manifold low 1/4 gal/h (L/h)) = gal/h (kPa)

13. Comments:

1/Seeitem19.
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Figure 7-120  Form for evaluation data—continued

|
14. Dischargetestvolumecollectedin min (1.0gal/h=63ml/min)
Outlet Lateral location on the manifold
location inlet end 1/3down 2/3down far end
onlateral 1 oalh ml galh ml  galh ml galh
inletend A
B
Ave.
1/8down A
B
Ave.
2/3down A
B
Ave
far end A
B
Ave.
15. Lateral inlet psi (kPa) psi (kPa) psi (kPa) psi (kPa)
Closed end psi(kPa) psi(kPa) psi(kPa) psi (kPa)
16. Wettedarea ft? (m?) ft2 (m?) ft2 (m?) ft2 (m?)
per plant % % % %
17. Estimated average SMD in wetted soil volume in (mm)
18. Minimum lateral inlet pressure (MLIP) on all operating manifolds:
Manifold: Test A B C D E F G Ave.

Pressure, 1b/in? (kPa)
19. Discharge Correction Factor (DCF) for the system is:

2.5x (averageMLIP psi)

DCF = _ N

average MLIP psi +1.5(test MLIP psi)
Orifthe emitter discharge exponent (x) = is known,

71X
average MLIP sl

DCF= (( g P )-‘ = =

| (test MLIP psi) |
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t00.304 m) below the surface around each tree.
Determine the percent area wetted by dividing the

wetted areabythetotal surface areabetweenfour
trees.

Step 10: If aninterval of several days between
irrigationsisbeingused,check the soilmoisture
deficit (SMD) in the wetted volume near a few
representativetreesinthe nextblock tobeirri-
gated, and record it in part 17. This measurement
is difficult and requires averaging samples taken
from several positions around each tree.

Step 11: Determine the minimum lateral inlet
pressure (MLIP) along each operating mani-
fold, andrecorditin part 18. Forlevel or uphill
manifolds, the MLIP willbe atthe farend of the
manifold. For downhill manifolds, it is often about
two-thirds down the manifold. For manifolds on
undulating terrain, it is usually on a knoll or high
point. When evaluating a system that has two or
more operating stations, the MLIP on each mani-
fold should be determined. This requires cycling
the system.

Step 12: Determine the discharge correction
factor (DCF) to adjust the average emission-point
discharges for the tested manifold. This adjust-
mentisneededifthetested manifold happened
tobeoperating with ahigherorlower MLIPthan
the system average MLIP. If the emitter discharge
exponent (x) is known, use the second formula
printed in part 19.

Step 13: Determinethe average and adjusted av-
erage emission-point discharges according to the
equationsinpart 11 and 12.

(c) Using field data

InaMIsystem,alltheflowisdelivered toindividual

trees, vines, shrubs, or other plants. Essentially, no wa-

terislostexceptatthetreeorplantlocations. There-
fore,ifthe patternofplantdistributionorspacingis

uniform, uniformity ofemissionisof primaryconcern.

Locations of individual emission points, or the tree
locations where several emitters are closely spaced,
canbethoughtofin much the same mannerasthe
container positions in tests of sprinkler performance.

(d) Average depth of application

The averane depth applied per irrigation to the wet-
tedarea (I ’),1susefulforestimating MAD.Itcanbe

computed by equation 7-82.

K(e xq!x Ta)
poo—
a Aw (eq. 7-82)
where:
.. —averagedepthappliedtothe wettedarea, in,
(mm)

K =1.604for Englishunits(1.0for metricunits)
e =Numberofemissionpointsper plant

q, =Adjusted average emission point discharge of
the system, obtained from part 12, figure 7-120,
gal/h (L/h)
T, =application time per irrigation, h
=horizontal area wetted pertree/plant,about 1{t
(0.304 m) below the soil surface, from part 16,
fig. 7-20, ft? (m?)

The average depth applied per irrigation to the total
croppedarea (Fa') canbe found by substituting the
plant and row spacing (S xS) for AW inequation 7-82.
P r
Therefore, F ' canbecomputed by equation 7-83.
K(e xq' xT )
F (S % Sr)
= ’ (eq. 7-83)
where:
F’ =averagedepth applied perirrigation, in (mm)

(e) Volume per day

The average volume of water applieg ger dayforeach

treeorplant [F( )’] canbe computed by equation
/d,
7-84. *
. _EfexqxT)
(gpra) ~ I -
¢ (eq. 7-84)
where:
e =numberofemission points pertree

q, = adjusted average emission-point discharge of
the system, taken from part 12, of figure 7-120,

gal/h (L/h)
T = application time per irrigation, h
I, =designirrigationinterval,d
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(f) Emission uniformity

The actual field-emission uniformity (EU’) is needed
todeterminethe system’soperating efficiency and to
estimate gross requirements for water application.
The EU’isafunction ofthe emission uniformityinthe
tested area and of the pressure variations throughout
the entire system. Where the data on emitter discharge
arefrom anareaservedby asingle manifold, the field
emission uniformity of the manifold area tested EU’
canbecomputedbyequation 7-85.

’

q
EU’ =100 —,
Ya (eq. 7-85)
where!
EU' = actual field-emission uniformity, %
d.andq’, = system low-quarter and overall aver-

age emitter discharges, taken from
NEH623.0712, figure 7-120, gal/h (L/h)

Many drip irrigation systems are fitted with pressure
compensating emitters (PC) orhave pressureorflow
regulation at the inlet to each lateral. However, many
systemsare provided with a means for pressure con-
trolorregulationonly attheinletstothe manifolds.
Ifthe manifoldinlet pressuresvary morethanafew
percentbecauseofdesign, management, orboth,the
overall EU’ willbelower thanthe EU’_ofthetested
manifold.

Anestimate of this efficiency reduction factor (ERF)
can be computed from the minimum lateral inlet pres-
sure along each manifold (MLIP), psi, throughout the
system by equations 7-86 and 7-87.

[average MLIP + (1.5minimum MLIP)]

ERF = 95 (average MLIP)
o
(eq. 7-86)
where:
ERF = efficiency reduction factor, %
Average MLIP = averageoftheindividual MLIP’s

along each manifold, Ib/in?
Minimum MLIP = lowest lateral inlet pressure in
the system, Ib/in

The ERF may be estimated more precisely by equation
7-87.

(minimum MLIP)*
average MLIP

ERF=

(eq. 7-112)

In systems where the variations in pressure are small
andthe emitterdischarge exponent (x)is approxi-
mately 0.5, thetwomethodsforcomputing ERFgive
essentially equal results. However, for variations in
pressure greater than 0.2 times the average emitter
pressure head (h) or x values higher than 0.6 or lower
than 0.4, the differences may be significant.

Thevalueofxcanbe estimated from field data:

Step1: Determine the average discharge and
pressure of a group of at least six emitters alonga
lateral where the operating pressure is uniform.

Step 2: Reducetheoperating pressure by adjust-
ing the lateral inlet valve, and again determine the
averagedischarge and pressureofthe same group
of emitters.

Step3: Determine x by equation 7-36, using the
average discharge and pressure head values found
insteps1and?2.

Step 4: Repeatsteps1,2,and 3attwoother
locations and averagethexvaluesforthethree
tests.

The ERF approximately equals the ratio between the
average emission-point discharge in the area served by
the manifold with the minimum MLIP, and the average
emission-point discharge for the system. Therefore,
the system EU’ can be approximated by equation 7—88.

EU = (ERF xEU ) (eq. 7-88)

General criteria for EU’ values for systems that have
been operated for one or more seasons are: greater
than 90 percent, excellent; between 80 percent and 90
percent, good; 70to 80 percent, fair; andlessthan 70
percent, poor.

(9) Gross application required

Becausedripirrigation wetsonly asmall portion of
the soil volume, the SMD must be replaced frequently.
Itisalwaysdifficulttoestimate SMDbecause somere-
gions of the wetted part of the root zone often remain
near field capacity even when the interval between
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irrigations is several days. For this reason, SMD must
be estimated from weather data or from information
obtained from evaporation devices. Such estimates are
subject to error and, because practical ways to check
for slight under-irrigation are not widely used, some
marginforsafety shouldbe allowed. However, the
feedback system described in NEH623.0708, figures
7-22and 7-23 does exactly thisbyusing thefeedback
fromtherate of change of the soil moisture and high-
frequencyirrigationbased onavariablecrop coeffi-
cient and an automated modified evaporation pan.

As a general rule, the minimum gross depth of appli-
cation (FQ should be equal to or slightly greater than
the values obtained by equation 7—15a or 7-15b. When
estimating F, by equation 7—15a or 7—15b for schedul-
ing irrigations, let EU be the field value (EU"), and
estimate the net depth ofirrigation to apply (F) as:

+ Estimate O{:Ee d(%pﬂl of waterthatcouldhavebeen
consumed by a full-canopy crop since the previ-

ousirrigation (Fn'), inch (mm). Thiscan be esti-
mated by standard techniques based on weather
data or pan evaporation data.

Subtract the depth of effective rainfall since the
last irrigation (R,), inch.

Calculate F, by equation 7-89.

F“:(F"' _Re,) (eq. 7-89)

UsingF computed by equation 7—15a or 7—15b, the

g
average daily gross volume of water required per plant
perday[F_  ]canbecomputedbyequation 7-16.

(gp/d)

The average volume of water actually being applied
perplanteachday[F  'liscomputedbyequation

T-84.1f[F  ]<[F_“flthefield is being over-irrigat-
ed, and if (B 1> (B 1 itis underirrigated.

(gp/d) (gp/d)

h) Application
(h) ef?l%llenclles

Aconceptcalled potential application efficiency (of
thelow quarter) PEI) isuseful for estimating how
q

wella system can perform. Itis a function of the peak-
use transpiration ratio (T), the leaching requirement

(LR),and the uniformity offield emission (EU’). When
the unavoidable water losses are greater than the
leaching water requirements, T > 1/ (1-LR),PE ,can

EU’

PElq = T_(I_OTERj—

R t

(eq. 7-90)

and when T, <1/(1.0 1), PE, can be computed by
equation 7-91.

PE, =EU (eq. 7-91)

where:
PE, = potential application efficiency of the low
quarter, %

Thevaluesof T appearinconjunction with equation
7-15aandthoseof L ,withequation 7-24.

A drip irrigation system has no field boundary effects
or pressure variations along the manifold tested that
arenottakenintoaccountinthefield estimateof EU".
Therefore, the PE _estimated with the system EU'" is
anoverallvalue  thefield, exceptfor possible minor
for
water losses from leaks, draining of lines, and flushing
(unlessleaksareexcessive).

The system PEq may below because the manifold inlet
pressures are not properly set and ERF (eq. 7-111 and
7—87)islow.Insuch asystem, the manifoldinlet pres-
sures should be adjusted toincrease the uniformity of
pressure and consequently ERF. When an area is over-

irrigated, the actual application efficiency of the low

quarter (E ) islessthan PE .In such areas, the E1 can
q

g Ig
be estimated by equation 7-92.

(v (eq. 7-92)

where:
N = actualapplication efficiency, %
G = grosswaterrequired per plantduringthe
peakuse period, gal/d (L/d)
[F '] = averagevolumeofwaterappliedper

(gp/d)

plantperday,gal/d (L/d)

When an area is underirrigated and [F ( /d)’] islessthan
P

theaveraged ily grossvolume of waterrequired per
plant per day F( /d)’j),thenE1 will approach the sys-
gp/

q
tem EU’. In such areas, the LR, T,, or both willnot be

satisfied. This may cause either excessive buildup of
saltalongtheperimetersof wetted areasorareduced
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Low-pressure systems (LPS) are defined similarly as
drip irrigation systems except that the water is ap-
plied 3to 4 inches (0.08—0.10 m) below the soil surface
through emitters, with discharge rates not exceeding
1.2 gallons perhour (0.761/h), like porous tube sys-
tems. Asmentioned, theinterestandusesof DI have
increased significantly during the past four decades

as understanding of this real time irrigation method
increased and plastic materials availability, manu-
facturing processes, emitter designs, and fertilizers
improved. However, the perceived high cost of DI and
SDIsystemshave slowed down the conversion of grav-
ity irrigation to these systems.

The major objective of LPSis to provide a 1- to 2-year
life system with advantages of DI and SDI systems, but
atamuchlower cost. LPSis specifically designed to:

* help growers use existing infrastructures such as
leveled fields, water sources, and pumps

low front-end investment and fast return on
investment

reduce energy cost for pumping and pressurizing
equipmentcanbeeasily movedandreused

low maintenance and management

Design guidelines, components, and specific instal-
lation equipment are being developed and tested.
Because of its low-pressure requirement, LPS can
operate similarly to gravity irrigation and could po-
tentially replace furrow irrigation. MI performs best
when intensive and accurate management of water
and nutrients are used. Because of LPS low discharge
rate, the use of high-frequency irrigation and rigorous
irrigation scheduling necessary for DI and SDI systems
is not necessary with LPS.

Figure 7-121 illustrates the downstream end of a large
potatofield, 800feetlong (250 m) irrigated by a LPS
in the Arava Valley, Israel, in 2004. The potato crop is
highly uniform across the whole field.

Figure 7-122illustrates a 300-foot-long (94 m) LPS
lateral and the connection tothe polynet manifold for

a LPSinstalled at the Maricopa Agricultural Center
(University of Arizona) in Arizona, in 2004.

Figure 7-123 illustrates a 300-foot-long (94 m) LPS
lateral installed in 2005 on a 60-inch (1.52 m) spacing
withtwo cottonrows perbed at the University of Cali-
fornia Shafter Research and Extension Center, Shafter,
California.

Figure 7-124 illustrates a 80-inch (2.03 m) bed with
two 300-foot-long (94 m) LPS laterals installed in 2005,
withtwo cottonrows perbed at the University of Cali-
fornia Shafter Research and Extension Center, Shafter,
California.

Dataintable 7-31 and figures 7-16, 7-17, and 7-18
support the potential for the application of relatively
inexpensive, low-energy drip irrigation technology for
irrigatingfield cropssuch aspotato and cotton. Prob-
ably the most important results obtained from this
project,conductedincooperation withthe University
of California Shafter Research and Extension Center,
were the dripperline discharge uniformity measured
in August 2005 (table 7-36). These measurements
showed very little differences between the 1-year-old
systems (first two treatments in table 7-30) and the
2-year-old system (third treatment in table 7-30).
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Figure 7-121 The downstream end of a large potato field Figure 7-122 A 300-foot-long (94 m) LPSlateral and the
e rrigated using LPS messsss——— connection tothe polynet manifold
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Table 7-36  Distribution uniformity of LPS installed in 2004 and 2005 at the University of California, Shafter Research and
e Extension Center, Shafter, CA

Treatments Laterallength, Plant Population Number of Manufacturer Distribution Statistical

ft/acre (m/ha) #/acre @#/ha) emitter/plant CV uniformity DU  uniformity
Un

60-in(1.52m)bed,1 8,712 (6,544.3) 44,504 (109,969) 0.1305 0.0257 0.9095 97.43

lateral/bed

80-in(2.03m)bed,2 13,068 (9,816.5) 46,602 (115,154) 0.1402 0.0337 0.8857 96.63

laterals/bed

40-in(1.01m)bed, 13,068 (9,816.5) 40,018 (98,885) 0.1633 0.0351 0.8898 96.49

1lateral/bed (2nd

year)

Figure 7-123 A 300-foot-long (94 m) LPSlateralinstalled Figure 7-124 An 80-inch (2.03 m) bed with two 300-foot-

e in 2005 s Jong (94 m) LPS laterals installed in 2005

with two cotton rows per bed
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Flow cross section area (in2)

a
A Fieldareaunderthesystem (acres)
A, System flow-rate adjustment factor
A Soilsurface areadirectly wetted by the sprayer (ft2)

»

Horizontal are wetted about 1 foot below soil surface (ft2)

A Totalfilter area perpendiculartothe flow (ft2)
BHP Brake horsepower
B, Minimum backwash flow rate (gal/min)
c% Concentrationofthe desired componentinliquidchemical concentrate (%)
c Number of pipe sizesusedin the manifold
C Desired dosage of chlorine or acid (ppm)
Cs Friction coefficient for continuous section of pipe
C Cost of the irrigation system
Cy Coefficientthat dependsonthecharacteristics ofthe nozzle
c, Required tank capacity (gal)
thp Annualcost per water horsepower (dollars per waterhorsepower-season)
CRF Capital recovery factor
Cv Coefficient of manufacturing variation of the emitter
Df Flushing line diameter (mm)
d Flow cross section diameter (in)
D Inside diameter of pipe (in)
DCF Discharge correction factor
d Dripper line diameter line (mm)
D, Flushing valve diameter (mm)
e Number of emission points or sprayers per plant
e Minimum number of emitter or sprayers from which each plant can obtain water
E Present annual power cost
E’ Equivalentannualcost of therising energy cost (9 percent peryear)
E, Actual application efficiency of the low quarter
E Pump efficiency
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E, Seasonal irrigation efficiency

EAE () Equivalent annualized factor of the rising energy cost at rate r

EC4, Electrical conductivity of the drainage effluent (mmhos per centimeter)

EC, Electrical conductivity of the saturated extract (mmhos per centimeter)

EC, Electrical conductivity of the irrigation water (mmhos per centimeter)

AE Change in elevation; absolute value always positive

AEl Change in elevation; positive for the laterals running uphill from the inlet and negative for the
downbhill laterals (ft)

AEl Difference in elevation between the pump and manifold; positive if uphill to manifold and negative
if downhill (feet)

ERF Efficiency reduction factor

Et, Crop evapotranspiration rate, in/day, (mm/d)

ET, Reference evapotranspiration, short crop (grass), in/d, (mm/d)

ET, Seasonal evapotranspirationrate, in/yr

EU Design emission uniformity (%)

EU' Uniformity of field emission (%)

EU,’ Field emission uniformity of the manifold area tested (%)

f Darcy-Weisbach pipe-friction factor

F Reduction coefficient to compensate for discharge along the pipe

F,/ Averagedepthapplied perirrigation tothetotalcroppedarea (in)

F,, Annual net depth of application (in)

F. Average depth applied per irrigation to the wetted area (in)

F, Concentration of nutrients in liquid fertilizer (Ib/gal)

f, Emitter connection loss equivalent length (ft)

F; Flow capacity per unitarea (ft/min)

Fg Grossdepthofapplicationateachirrigation (in)

Fana) Gross volume of water required per day (gal/d)

F(gp /) Averagevolumeof waterapplied perplant per day (gal/d)

F . Maximum net depth of application (in)

F, Net depth ofapplication (in)

F’ Depth of water consumed by full canopy crop since previousirrigation (in)
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F, Rate of fertilizing (Ib/acre)
F, Manifold pipe-friction adjustment factor
(F), Friction adjustment for the original manifold
(F), Friction adjustmentfactor for the manifold for which (Hf)2isbeing estimated
Fio Grossseasonaldepthofapplication (in)
g Acceleration of gravity (32.2 ft/s2)
G Grosswaterrequired perplant during the peak use period (gal/d)
h Working pressureheadofinner mainchamber (ft)
h) Working pressure head at the emitter (Ib/in2)
H Time of actual irrigating per irrigation cycle (h)
AH Desired pressure-head increase between two points (ft)
Ah Difference in pressure head along the laterals
A’ Amount the lateral inlet pressure differs from hectare (ft)
(100 x Ah/L)’ Maximum scalar distance between the friction curve and the ground surface line in the graphical
solution
. Pressureheadthatwillgivetheq, (ft)
H, Average manifold pressure
. Pressure head at the closed end of the lateral (ft)
Ah, Difference between the downstream end and minimum pressure heads (ft)
h, Friction head loss caused by a specific fitting (ft)
H, Pressure-headlossinthe manifold from pipe friction (ft)
Hf Lateralheadloss from pipe friction (ft)
myh, Sum of the pipe-friction losses between the pump and manifold inlet at m (ft)
(hyp, Original lateral pipe-friction loss (ft)
(hy), New lateral pipe-friction loss (ft)
hip) Differencein headloss between adjacent pipes of different sizes (ft)
(Hp),, Pressurehead toovercome pipefrictionand elevation alongthe mainline (ft)
(hy,, Frictionloss along the manifold (ft)
hy, Frictionlossinalateral with length (1) (ft)
h, Head loss from a point “x”” to the closed end of a multiple-outlet pipeline (ft)
(Hp, Pressure-headlossfrom pipe friction for the manifold (ft)
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(Hp, Estimated being made of the manifold (ft)

by Lateral inlet pressure head (ft)

H, Manifold inlet pressure head (ft)

AH Differenceinpressure head alongthe manifold (ft)

AH,/ Amountthe manifoldinlet pressure differsfromh, (ft)

(AH,), Allowable manifold pressure variation (ft)

h, Pressureheadthatwill givethe gqnrequiredtosatisfythe EU (ft)

H, Ratio between fertilizing time and time of actual irrigating per irrigation cycle

AH, Allowable subunit pressure-head variation that will give an EU reasonably close to the desired
value (ft)

h, Working pressure of the secondary chamber (ft)

h;,h, Pressure heads corresponding to q;, q,, respectively (Ib/in?)

i Annual interest rate

I Net application rate (in/h)

Lo Maximum allowable irrigation interval (d)

I, Design interval (d)

k Conversion constant that is equation specific

K, Crop coefficient

k, Constant of proportionality (discharge coefficient) that characterizes each emitter

e

Friction head-loss for a specific fitting

K, 35.7forabranchflushvalveand33.4foranonbranched

1 Lengthofalateral (ft)

L Length of a pipeline (ft)

I Equivalent length of the lateral with emitter (ft)

1, Original lateral pipe length (ft)

1, New lateral pipe length (ft)

1, Length ofthe flow pathin the emitter (ft)

L, Length of pipe with diameterd (ft)

1. Length of a single manifold (ft)

L, Net leaching requirement for net application (in)

Ly Annual leaching requirement for net seasonal application (in)
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L, Length of a pair of manifolds (ft)

L, Length of the smaller pipe that willincrease the head loss by AH (ft)

LR Leachingrequirementratio

L, Length of pipeintheoriginal manifold (ft)

L, Length of pipe in the manifold for which (Hf)2is being estimated (ft)

m Number oforificesinthe secondary chamber perorifice in the mainchamber

m’ Numberoforificesin seriesinthe emitter

MAD Management-allowed deficit, which is the desired soil-moisture deficit at the time of irrigation (%)
MLIP Minimum lateral inlet pressure (Ib/in)

Minimum MLIP  Lowest lateral inlet pressure on the system (Ib/in2)

N, Number of dripper lines flowing in that branch of the flushing line towards the flush valve
n Number of emitters in the sample

n, Expected life of the item (years)

N Number of operating stations

n, Number of emitters along the lateral

(np)a1 Numberofplantsintheaveragerowinthesubunit

(np)C Number of plantsin the row at the closed end of the manifold

n, Number of row (orlateral) spacings served by a manifold

N, Reynolds number

(nr)p Number of row (orlateral) spacings served from a common inlet point

N, Minimum number offiltration tank

0, Averagepumpoperatingtimeperseason (h)

P, Pipe cost (dollars per pound)

P, Averagehorizontal area shaded by the crop canopy as a percentage of the total crop area (%)
P, Allowable pressure loss through flush valve (kilo Pascal)

P, Unitof power

P, Unit cost of power (dollars per kilowatt hour)

P, Average horizontal area wetted in the crop root zone as a percentage of the total crop area (%)
PE,, Potential application efficiency of the lower quarter

PS Perimeterofthe area directly wetted by a sprayer (ft)

PW(r) Presentworth factor with energycostrisingatrate,r
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q Emitter discharge rate (gal/h)

q Average discharge rate of the emitter samples

Q Flow ratein the pipe (gal/min)

q, Average of design emitter discharge rate (gal/h)

q, Average of all the field-data emitter discharges (gal/h)

q. Rate of injection of the chemical into the system (gal/h)

Q4 Upperlimit flow rate for the pipe with diameter d (gal/h)

Qg g Upperlimitflowrateforthe pipe withthenextsmallerdiameter (gal/min)

o Rateofinjection ofliquid fertilizerinto the system (gal/h)

q Lateral flow rate (gal/min)

(q), Average lateral (pair) flow rate along the manifold (gal/min)

(), Flowrateintothelateral (pair) at the closed end of the manifold (gal/min)

aQp Flow rate for pair of laterals (gal/min)

q, Flowrateinthe manifold(gal/min)

q, Minimum emission rate computed from the minimum pressure in the system (gal/h)
q, Average discharge of the lowest quarter of the field-data discharge reading (gal/h)
Q, Totalsystem capacity or flow rate (gal/min)

Q. Adjustedflowrate forentering the economic design chart(gal/min)

Q," Modified adjusted system flow rate (gal/min)

qy Largest flow rate (Q) in the respective table for pipe size in appendix B (gal/min)
q, Flow rate in the original manifold (gal/min)

q, Flow ratein the manifold for which (gal/min)

a5 9 Discharges (gal/min)

a3, 9g---4y Individual emitter discharge rates (gal/h)

Q, Total flush rate through the flush valves at 1 ft/s

r Annual rate of rising energy cost

R, Effective rainfall during the growing season (in)

R, Effective rainfall since the last irrigation (in)

RZD Depth of the soil profile occupied by plant roots (ft)

SD Unbiased standard deviation of the discharge rates of the sample
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S Average slope ofthe groundline (%)
S’ Unusable slope component, which is the amount the friction curve needsto be raised (ft)
Se Spacingbetween emittersoremission points alongaline (ft)
S, Optimum emitter spacing; drip emitter spacing that provides 80 percent of the wetted diameter
estimated from field testsortable 7-2 (ft)
S Shape factor of the subunit
S, Lateral spacing (ft)
S, Manifold spacing (ft)
SMD Soil Moisture Deficit; difference between field capacity and the actual soil moisturein the root
zone soil at any given time (in)
S, Plantspacingin the row (ft)
S, Row spacing (ft)
S, Width ofthe wetted strip (ft)
sg Specific gravity of the chemical concentrate
t Specifictank flow rateforagiven diameter and flux
s Irrigation application time required during the peak use period (h/d)
. Peak-use period transpiration ratio
R Seasonal transpiration ratio
TDH Totaldynamichead (ft)
TDR Temperature discharge ratio
\ Velocity of flow in the pipe (ft/s)
\'A Gross seasonal volume of irrigation water required (acre-ft)
V, System coefficient of manufacturing variation
V2/2g Velocity head: the energy head from the velocity of flow (ft)
W, Residual stored moisture from off-season precipitation (ft)
WHC Water-holding capacity of the soil (in/ft)
WS, Water supply rate, gal/min
X Emitter discharge exponent
x; Any position along the length
X Distance from the closed end (ft)

ce

(210-VI-NEH, October 2013) TA-7



Chapter 7

Microirrigation Part 623
National Engineering Handbook

Relative distance from the closed downstream end compared to the total length of a pair of later-
als or manifolds

Theoretical reduction in yield (%)

Tangent location

Locationoftheinlettothe pairoflateralsthatgivesequal minimum pressuresinboth theuphill
and downhill members (ratioof the length of the downhill lateral to L)

Kinematic viscosity of water (ft%/s)
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Appendix B Equations

71 Ca* +2Cl =CaCl,
7-2 Ca™ +50, = CaSo,
7-3 Ca™+2HCO =CaCO (ppt)+H O+CO (gas)
3 3 2 2
74 pH, =(pK,-pk, )+p(Ca)+p(HCO,)+p(ACF)
FA
7-5 4 =F xTxH_
F_ KF
7_6 < Hrdl
KF A
7-7 C = F—
7_8 P, = &5, x100
SS,
eS!(S.+S
7_9 ’ — e( e w) < 0
2(s,8,)
erLAs+(.5S;><PS)]
7-10 ; 5SS,
7-11 F_ =(MAD)(WHC)(RZD)(P, )
7-12a ET, = ET, xK,
Harvest
7-12b ET K ET,

Planting
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7—13 Fn = ETcIfc
7-14 EU:100(1.O—1'27CV\q_“><100
Je Ja,
(F.1)
T-1ba Fg = (EU)
100
F
7-15b Fg = E.U“—
X (1—LR )
100 ‘
s SF 1
7-16 F . —K i
SR
7-17 F =(ET-R -W)
(an) s e s
7-18 E =EU
EU
7-19 E = —(—l—o—m
TR ’ t
7-20 Fo—_ Tu
* E/(1-LR)
o R
_ N
2 K(1-LR)
100
7-99 B Salt tolerance of crop ( ECL)
¢ Electrical conductiveofirrigation water (ECW)
7-93 L= 0.1794
' F7c3A0417
7-24 q=K, (h)"
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7-25 1 nhgd*
*98.6q(v)
7-26 _
q_187acq./2gh
=21 q=187ac_,j2g(h-h")
7-28 ho D
1+m?
7-29 q=187ac, \/2g h**
7-30 q=187ac, \/27g h*
7-31 q - ﬁg( h )"
=187 LWJ
32 q=187ac_,|2 h
NEE -
cv=>
0
2
7-33 \/q2+q2...+q2—n q
_ n—1
q
» .
Jer
7_85 F :Kb(D)—lsﬁ
()
g,
7-36 x=__ds
log b,
(h,)
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F
gp
737 T (TJ
" oe(a)
1
7-38 ho_ (q,)°
a Lk
d
( q W
7-39 EU=100] =
(q,)
7-40a EU=100(1.0—1.273\ n
( Je' J q,
7-40b EU=100(1.0-1.27CV,) %
q,
41 AH,=2.50(h, -h,)
e
7-42a q =726 ¢ ()
’ N ss,
A
7-42b q =726 (a,)
’ NS,
e
7-42(3 QS = 726 A (qﬂ)
p
(V)
7-43 0, =5430 o)
7-44 h)
qn = a =
(]
7-45 h =(H —aAH -Ah)
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(EUVeqa\
746 I :1'604L'1'664Jks g J
pr
7_47 . _0.00GCQ‘
°T csg
[(Q\1sm
748 h =10.5, D,
)
7-492 h, =0.00133 2"
LD4A75
7-49b h, =0.001 2L
D4.83
7-50 h K Ve
e = f 2g
751 L'=L(Se+fe)
Se
7_52 hf = F hfno outlets
K
7-53 p =Fh (X)
fx fLLJ
T-54 v g4
-
I
7-55 | T+r) —(1+i ol ]_|
(=)= PTa+)
L ] L( )J
7-56 EAE :[((1”)) _((1”)) TM( ; 1||
() 1+r)—(1+1 1+i) =1
L 1L ]
7-57 CRFzﬂ
(1+i) -1
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C,., = (0)(P.)(EAE,,)

7-58
| (BHP) |
E
[ -
(NS
759 A _ 0001C
" (CRP)(P,)
7-60 Q = A Q'
s f s
7-61 (H,), = 3 h, AEL
1
AH
7-62 L =
hfs_hfl
1 q ngq
—  X—a _ —eo—a
763 9W=5 "60 = 60
(AE)
7-64a bo—h +0.75h Z+(1-2) - (2z-1)
Looa il | L?
7—64b h h h K h h
= ,+075 (0.5 = +0.11
3h ARl
T—-64c h=-h +—L+——
1 a 4 2
T-65a p =h (hr, AED
¢ a L4 9 J
7-65b n =h—(h +AEl)
c 1 f
(L )«
7-66a (h)=()
b akLaJ
[(h) Ik
7-66b [ =L ( f)
b a
J|
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7-67 y - [p AE)"
()
7-68 Ak rgTK] K2 K2
- VA VA
0.36 | () - (1-
] 20 - 0)
7-69 Ah=AE(1-2)+h, (1-2)
=10 Ah =AE(Y)-h, (Y)"
771 Ah = Ah_= AE h,
=12 (AH, ) =AH_-Ah’
7-73 L =l(n)-1ls
» v
(1)
-4 L = Lnr - 2) S,
7-75a H_ =h +AHm’
7-75b H =h +Ah"+AH '
7-16 AHM' = MH, +0.5 x AE1
777 o (L), (g
— H
_ J!P‘! Lq1J ( fy
( f)z_ L_
1 s 1
7-18 N = Q.
t t
=79 ,=0.5D, N,
D
150 b, —k, Y2
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(qd - q(d—l)\
7-81 L, =
N )
789 a 1.604(Z><q;xTa)
7-83 Fr = 1.604(exq/xT,)
)
, 1.604(exq/xT,
84 (epid) ~ ( I )
f
7-85 Eu =100
aa
|—average MLIP + (1.5 minimum MLIP)—|
7-86 ERF= | | average MLIP
25
7_87 _ (minimum MLIP)
ERF= average MLIP
788 e = (ERF <EU,)
7-89 F =(F'—R’)
EU’
7-90 PE, = _('I_D_ER_)'—
! TR ’ t
791 PE,=EU’'
7-92 E, =100 %

(%ep!

D)
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