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623.0400 The practice of
surface irrigation

(@) Introduction

Surfaceirrigationistheoldestand mostcommon
methodofapplyingwatertocroplands. Alsoreferred
to as flood irrigation, the essential feature of this irri-

gationsystemisthatwaterisapplied ataspecificloca-

tion and allowed to flow freely over the field surface,
and thereby apply and distribute the necessary water
torefill the crop root zone. This can be contrasted to
sprinkle or drip irrigation where water is distributed
over the field in pressurized pipes and then applied
through sprinklers or drippers to the surface.

Surface irrigation has evolved into an extensive array
of configurations that can broadly be classified as:

* basin irrigation
* borderirrigation
furrowirrigation

wild flooding

The distinction between the various classifications
isoften subjective. For example, a basin or border
system may be furrowed. Wild floodingis acatch-

all category for the situations where water is simply
allowed toflow onto an area without any attempt to
regulate the application or its uniformity. Since no ef-
fort is made to regulate the application or uniformity,
thistypeofsurfaceirrigationdoesnotneedattention
inthishandbook. If control of the wild flooding event
isintroduced, it then evolvesinto a border, basin, or
furrow system.

Anirrigatedfieldisonly onecomponentofanirriga-
tionsystem (fig. 4-1). Watermustbediverted from
astream, captured andreleasedfrom areservoir, or
pumpedfromthe ground water,and thenconveyed
tothe field. Excess water needstobe drained from
thefield. Each ofthesecomponentsrequiresdesign,
operation, and maintenance of regulating and control
structures. Forthe system tobe efficient and effective,
theflownotonly mustberegulatedand managed, but
most importantly, it must also be measured. Thus, the
on-field component (surface, sprinkle, ordrip), isthe

heart of the irrigation system. While it is necessary to
limit the scope of this chapter to a guide for the evalu-
ation and design of the surface irrigation system itself,
it should be appreciated that the surface irrigation
systemisentirely dependentontheothercomponents
for its performance.

(1) Surface irrigation processes
There are three general phases in a surface irrigation
event (fig. 4-2):

+ advance
* wetting or ponding

* recession

Theadvancephaseoccursbetween whenwaterisfirst
introduced tothefieldand whenithasadvanced tothe
end. Between the time of advance completion, or sim-
plyadvance time and the time when wateris shutoffor
cutoff, isthe period designated as the wetting or pond-
ing phase. The wetting or ponding phase willnotbe
presentiftheinflowisterminatedbeforetheadvance
phaseiscompleted, atypicalsituationinbordersand
basins, but a rarity in furrows.

The wetting phase is accompanied by tailwater runoff
from free-draining systemsorby ponding onblocked-
end systems. After the inflow is terminated, water
recedesfromthefield by draining from thefield and/
or into the field via infiltration. This is the recession
phase. All numerical models of surface irrigation at-
tempt to simulate these processes.
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Figure 4-1 Layout and function of irrigation system components
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Figure 4-2
|
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(b) Surface irrigation configurations

Choosing a particular surface irrigation system for the
specific needs of the individual irrigator depends on
the properevaluation and consideration of the follow-
ing factors:

costsofthe system anditsappurtenances

e field sizes and shapes

¢ field slope and slope variability

e soil intake and water holding characteristics

e the quality and availability (timing of deliveries,
amount,and duration of delivery) ofthe water
supply

e climate

e cropping patterns

e historical practices and preferences

e accessibility to precision land leveling services

(1) Basin irrigation

Basin irrigation is distinguished by a completely level
field with perimeter dikes to control and/or prevent
runoff. Figure 4-3 illustrates the most common basin
irrigation concept.

Development costs—Basinirrigationis generally the
most expensive surface irrigation configuration to
develop and maintain, but often the least expensive to

operate and manage. Land leveling is the most costly
development and maintenance requirement, although
the perimeter diking can alsobe expensive toform and
maintain. In areas where turnouts from the delivery
system have relatively small discharges, development
costs may alsobeincreased by necessarychangesin
theirrigation system upstream of the basin.

Sincebasinsaretypically designed topondthe water
on their surfaces and prevent tailwater, they are usu-
ally the most efficient surface irrigation configurations.
In addition, management is almost always simpler.

Field geometry—In the absence of field slope to aid
the movementofwateronthefield surface,therun
length, ordistance the waterhastoadvanceover

the field, tends to be minimized. Many basins take

on a square rather than a rectangular shape, but this
depends entirely on the availability of sufficient flow
ratesand theintake characteristics of the soil. One of
the major advantages of basins is their utility in irrigat-
ing fields with irregular shapes and small fields.

Soil characteristics—Basin irrigation systems usu-
ally operate at less frequent intervals than furrows or
borders by applying a larger depth during irrigation.
Consequently, medium- to fine-textured soils with their
high moisture holding capacity are better suited to
basins than coarse-textured soils. The efficiency and
uniformity of basin irrigation depend on the relative

Figure 4-3  Typical basin irrigation system in the Western

s~ United States
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magnitudeofthefieldinflow and the soilintake. A soil
with a relatively high intake characteristic will require
a substantially higher flow rate to achieve the same
uniformity and efficiency asfor aheavier soil.

Sincethe water may covertheentirebasin surface,a
soilthatformsdensecrustsupondrying mayhavedet-
rimental impacts on seed germination and emergence.
Itis common practice to furrow soils of this nature to
reduce crusting problems. On the other hand, basin ir-
rigation is an effective means for reclamation and salt
leaching.

Many of the heavier soils will form cracks between
irrigations which mayberesponsible for much ofthe
water thatinfiltrates duringirrigation. These soils are
alsosusceptible toforming compactedlayers (hard
pansorplow pans) atthecultivation depth. Theim-
pactofcrackinginbasinirrigationisanincreasedap-
plied depth. The impact of a plow panisto restrictit.

Water supply—The water supply toabasinirrigated
field has four important characteristics:

e quality
e flow rate
e duration

e frequency of delivery

The quality of the water added tothe field will be re-
flectedinthe quality of the water throughout theroot
zone. Salinity is usually the most important quality pa-
rameter in surface irrigation, and the higher the salin-
ity in the irrigation water, the higher the concentration
of salts in the lower regions of the root zone. However,
since basins do not apply water to the crop canopy as
does sprinkle irrigation, water supplies with relatively
highsalinitiescanbeused.Some watersuppliesalso
have poor quality due to toxic elements like boron.

The most important factor in achieving high basin
irrigation uniformity and efficiency while minimizing
operational costsisthedischarge applied tothefield.
Inbasinirrigation, the higher the available discharge
thebetter,constrained onlybyhavingsuchahigh
flow thaterosionoccursneartheinlet. The water
delivered to abasinisusually done with jack gatesor
othermethodsthatcanapplylargeamountsofwater
quickly.

The duration of irrigation is dependent on the depth
tobe applied, the flow rate onto thefield, and the
efficiency of the irrigation. Basin irrigation’s typically
high discharges and high efficiencies mean that basin
irrigations may require less total time than borders and
furrows. This, coupled with the fact that basins usually
irrigate heavier soils and apply larger depths, means
that the irrigation of basins are typically less frequent
than borders or furrows. The duration and frequency
of basin irrigation can impose different requirements
onthe water supply system compared to systems oper-
ated toserviceborder and furrow systems.

Climate—Whenever water ponds on a cropped
surface for an extended period of time, the oxygen-
carbon dioxide exchangebetweentheatmosphere and
therootsisdisrupted. Ifthe disruptionislongenough,
the crops will die. This processis sometimes called
scalding. Scaldingisperceived asaseriousriskin
basin irrigation by irrigators in hot dry climates. Rice
farming, however, depends on this process for weed
control.

Another climate-related impact of basin irrigation is
the effect of water temperature on the crop at differ-
ent stages of growth. Irrigation with cold water early
inthe springcandelay growth, whereasinthehot
periods of the summer, it can cool the environment—
both of which can be beneficial or detrimental in some
cases.

One important advantage of basins in many areas of
high rainfall is that they can more effectively capture
itthancanbordersorfurrows. Thus,basinsenjoythe
benefitsofhigherlevelsofeffective precipitation and
may actually require lessirrigation delivery during
rainy periods aslong as the crops arenot damaged by
subsequent scalding or flooding.

Cropping patterns—With its full wetting and large
applied depths, basin irrigation is most conducive to
theirrigation of full-stand crops like alfalfa, grains,
grass, and rice. Row crops can be and often are grown
inbasins, as well. Widely spaced cropslike fruit trees
donot require as much of the total field soil volume to
be wetted and thus, basin irrigation in these instances
is less useful. Although, it should be noted that mini-
basins formed around each tree and then irrigated in
pass-through or cascade fashion are found in many
orchard systems. Cascading systems are usually less
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efficient and have low uniformity due to poor water
control.

Basin irrigation is also more effective with deep-root-
edcropslikealfalfathan with shallow-rooted crops
likevegetables. Cropsthatreactadversely tocrown
wettingdonotfavorbasins.

Cultural factors—Because surface irrigation depends
onthe movementof water over the field surface
whose properties change from year to year and crop
tocrop, aswellasfromirrigation toirrigation, surface
irrigation management is a difficult task to do well and
consistently. Basin irrigation reduces this burden by
eliminating tailwater from the management process.
However, where basin irrigation has not been prac-
ticed previously, the added costs and the uncertainty
associated with alack of experience are often substan-
tial barriers to its adoption.

Basin irrigation is less common in the United States
than eitherborderorfurrow systemsbuthasbeen
shown to have significant advantages. Nevertheless,
most irrigators will stay with practices that have been
used previously in their area rather than take the

risk associated with a new technology. Consequently,
demonstrations are often necessary to introduce basin
irrigation.

Oneofthe majorcriticisms ofbasinirrigationisthe
equipment turning time. Because basins lengths are
generally shorter, they require more preparation time
inturning equipmentduringcultivating, planting, and
harvesting operations.

Land leveling—Before the advent of the laser-guided
land grading equipment, it was common to find sur-
face elevations as much as one or two inches lower
or higher than the design elevations of the field. Land
leveling operators varied in skill and experience. The
precision of laser-guided land grading equipment is
much greater and doesnot depend nearly asmuch on
operator skill and experience.

Since the field surface must convey and distribute
water, any undulations will impact the flow and, there-
fore, the efficiency and uniformity. Basin irrigation is
somewhatmoredependentonprecisionfieldtopogra-
phythaneither furrow orborder systemsbecause of
highflowsorthe ponding. Manyusersofbasinirriga-
tion insist that the most important water management

practice is laser-guided leveling. Precision land level-
ing is an absolute prerequisite to high-performance
surface irrigation systems, including basins. This
includes regular precision maintenance during field
preparations (land smoothing).

(2) Furrow irrigation
Furrowirrigationisattheopposite extreme ofthe
array of surface irrigation configurations from basins.
Rather than flooding the entire field, small channels
calledfurrows, and sometimescreases, rills, or cor-
rugations, are formed and irrigated (fig. 4-4). The
amount of water per unit width on a furrow-irrigated
field may only be 20 percent of the water flowing over
a similar width in a basin. Infiltration is two-dimen-
sional through the wetted perimeter rather than a ver-
tical one-dimensional intake. Furrows can be blocked
atthe end to prevent runoff, but thisis not acommon
practiceunlessthey areusedinbasinsorbordersto
compensate for topographical variation or provide a
raised seed bed to minimize crusting problems. The
distinctionbetween afurrowed basin orafurrowed
border and furrow irrigation lies in the semantic
preference of the user. For purposes of evaluation and
design, both ofthese situations would fallunderthe
term furrow irrigation.

Development costs—Furrow irrigation systems are the
least expensive surface irrigation systems to develop
and maintain primarily because minimal land level-

Figure 4-4  Furrow irrigation using siphon tubes from a

field bay

il
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ingisrequiredtoimplementafurrowsystemandless
precise land smoothing is necessary for maintenance.
The furrows themselves can be formed with cultiva-
tion equipment at the time of planting.

While less expensive to implement, furrow systems are
substantially more labor intensive than basins. Varia-
tions in individual flows, slopes, roughness, and intake
alterthe advancerateof each furrow,and there are
oftensubstantial differencesinhowlongittakesthe
water toreach the end of the furrow. In addition, some
furrows arecompacted by the wheel trafficof planting
and cultivation equipment and have substantially dif-
ferent characteristics than nontraffic furrows. Irriga-
tors compensate for the difference in advance rate by
adjusting the furrow flows. This requires the operator
toremainlonger atthe field to observe advance pat-
ternsofthe water. Further,they alsohavetoassess
how long to allow the water to run off the field before
shutting it off, as opposed to shutting the flow offin a
basin when the correct total volume hasbeen added to
thefield.

Because most furrow systems allow field tailwater,
theyareseldomasefficientasbasinsystemsand,
thereby, require more water per unit area. Measures
such asthecapture and reuse oftailwater canbe
employed to increase efficiency. Another alternative
is a concept called cutbackthat involves reducing
the furrow inflow after the flow hasreached theend
ofthefurrow.Surgeflow and cablegation systemsare
examples of automated cutback systems.

Field geometry—Furrow irrigated fields generally
have slopesin both the direction of the flow and the
lateral direction. These slopes can vary within a field;
although, the slope in the direction of flow should not
vary significantly unless it is flattened at the end of the
field to improve uniformity. Figure 4-5 illustrates the
useofcontourfurrowstoirrigateirregularly sloped
fields. One of the major advantages of furrow irriga-
tion is that undulations in topography have less impact
onefficiency and uniformity thantheydoineither
basin or border irrigation.

Soil characteristics—Furrow irrigation can be prac-
ticedonnearlyall soils,but there aretwoimportant
limitations. First, the risk of erosion is higher in fur-
row irrigation than in either basin or border irrigation
because the flowischanneled and the flow velocities
are greater. Secondly, since the furrow actually wets
aslittleas 20 percentofthefield surface (depending
on furrow spacing), applying relatively large depths of
irrigation water in the fine-textured soils can require
extended periods of time and will result in low ef-
ficiencies. A 4- or 6-inch irrigation application is com-
moninbasinandborderirrigationbut would notbe
feasible with a furrow system on a particularly fine-
textured soil.

Furrowirrigationismoreimpactedbysoilcracksthan
borders and basins since the cracks often convey flow
across furrows. Furrows are probably less impacted
by restrictive layers due to their inherent two-dimen-
sional wetting patterns.

Figure 45  Contour furrow irrigation
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Water supply—Since the flow on the field is substan-
tiallylessthaninabasinorbordersystem, a major
advantage of furrow irrigation is that it can accom-
modate relatively small delivery discharges per unit
area. As furrows typically apply smaller depths per
irrigation, the availability of the delivery must be more
frequentandforlonger durations. More wateronavol-
umetric basis is required for furrow irrigation because
ofitslower application efficiency in most cases. Water
canbe delivered to the furrow through a variety of
ways(e.g.,gated pipe, siphontubes, gates,orearthen
notches).

Salts can accumulate between furrows; therefore, the
quality of irrigation water is more important in furrow
systems than in basins or borders.

Climate—Theclimateoverasurface-irrigatedfield
does not have significant impacts on the furrow irriga-
tion. Scaldingis seldom a problem even when the fur-
row ends are blocked. High windscanretard the fur-
row advance, but thisisrarely a problem. The effect of
watertemperatureislessinfurrowsthaninbordersor
basinsbecausethewetted areaisless.

Cropping patterns—Furrows are ideally suited for
row crops of all kinds but are also used in solid plant-
ingslike alfalfaand grains. Whentheseedbedis
between furrowsand mustbe wetted,itisnecessary
toapply water to the furrows for extended periods,
andefficienciesoftheseemergentirrigationscanbe
verylow.Thelateral movementofwater, subbing, or
wetting-across,isarelatively slow process, somany
irrigators of higher value crops like vegetables use
portable sprinkle systems for the emergent irrigations.
Special crops, like rice, are generally not irrigated with
furrowsbecause of the need for a uniform submer-
gence to control weeds.

Cultural factors—Most of the cultural factors affect-
ingfurrowirrigationarethesameasthosenotedpre-
viously for basin irrigation. The higher labor require-
ments require a resource in United States agriculture
thatisbecomingecritically short. Thelowerefficien-
ciesareproblematicinaneraofdiminishing supplies
and competition from urban needs. The detrimental
impactofsaltsand sedimentsonthe quality of receiv-
ing watersis also a concern. When polypipeisused

to distribute water to the furrows, an environmental
concernwithitsdisposalisraised. Ontheotherhand,
furrow irrigation is more flexible than either borders

orbasinastheconfigurationiseasily changedby
simply increasing or decreasing the number of furrows
beingirrigated simultaneously or by irrigating alter-
nate furrows.

Land leveling—While precision land leveling is not as
critical tofurrowirrigation asitistobasin andborder
irrigation, an irrigator cannot expect to achieve high
uniformities and efficiencies without it. Precision land
leveling willreduce thefurrow tofurrow variationsin
advance times and will improve both uniformity and
efficiency. Landleveling for furrow systemsisalso
muchlessintrusive sincefield slopescanruninboth
field directions, therebyreducing the volume of soil
thathastobe moved. Land smoothing, while not as
important, is nevertheless a good practice on a regular
basis.

(3) Border irrigation

Border irrigation looks like basin irrigation and oper-
ates like furrow irrigation. Borders are irrigated by
flooding strips of land, rectangular in shape and cross
leveled, bordered by dikes. Waterisapplied atarate
sufficient to moveit down the stripin a uniform sheet
and maybeblocked at the downstream end to prevent
runoff. Borderstripshavingnodownfield slope are
referred to as level border systems. Figure 46 illus-
trates a typical border irrigation system in operation.
Borders can also follow the contour lines in terraced
fields (fig. 4-7).

Development costs—The two major development costs
forbordersarelandlevelingandborderconstruction.
Land leveling is more extensive than for furrows and
less extensive than for basins, particularly if the field is
leveled along the existing slope in the direction of
flow. The border dikes do not have to be as high as for
basins, but doneed tobe maintained to prevent cross-
flowintoadjacentborders, and care should be taken
tointercept the flow that can occurin the dead furrow
created by the diking equipment.

Bordersdonotgenerally require asmuchlaboras
furrow irrigation, but do require more than basins
since the time of cutoff has to be judged properly.

In fact, furrow system cutoff times are usually after
the completion of advance. Forborders, cutoff times
aretypically shorter and before the completion of
the advance phase. Achieving high efficiencies with
borders requires careful timing of application, but it
is not necessarily more difficult than in furrow irriga-
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tion. Traditionally, free-draining borders have about
the same efficiency and uniformity as furrows, thereby
reducing the economicfeasibility ofbordersthatal-
low tailwater. However, borders can also be blocked
topreventrunoffandachieveefficienciesashighas
thoseforbasins, becoming slightly more economical
than basins.

Field geometry—Borders are usually long and rect-
angular in shape. Often referred to as border strips,
borders contain the flow within side dikes to direct
the flow over the field. Borders can be furrowed where

necessary forelevating aseedbed or compensating

for microtopography within the border. Borders can
alsobelevel ornearlylevel, making them effectively
the same as basins. Distinguishing borders from basins
is often based on the rectangular shape rather than
slope, andin any event, the differences are only se-
mantic.

Soil characteristics—Borders do not generally have
erosion problems except near outlets and tailwater
drains, so they are somewhat more flexible irrigation
systems than furrows. The slope aids advance and
recession, so borderirrigationcanbe applied tothe
fullrange of soils as long as the flow per unit width is
selected properly. However, as with basins, borders
arebettersuited totheheaviersoils,and crustingsoils

Figure 4-6
|

Border irrigation in progress

may require special care such as furrowing.

Water supply—Typical water applications under bor-
derirrigation are similar to basin systems and usually
larger than furrows. In general, border systems require
threetofive times as much flow per unit width as fur-
row systemsand somewhatlessthanbasins. Forex-
ample,itwould notbe unusual toirrigate furrowson
aspacing of 2.5 feet with 15 gallons per minute (gpm)
of flow (6 gpm/ft) and toirrigate a border with the
same soil with 20 gallons per minute per foot of flow.
The same water quality constraints noted for basins
apply to borders, as well. Consequently, water supplies
forbordersshouldberelatively high dischargesfor
relatively short durations on relatively long intervals.
Water can be delivered to the border by one or sev-
eral gates, gated pipe, siphon tubes, alfalfa valves, or
earthen notches in the bank.

Figure 4-7  Illustration of contour border irrigation
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Climate—Scalding is a more serious problem in
blocked-endbordersthaninbasinsbecausetheend
depths are greater and require longer to drain from the
field. Itiscommon practice to provide blocked-end
borders with surface drainage capability in case an
erroris made in the time of cutoff and too much water
ponds at the end of the field. Figure 4-8 shows one of
these end drains in a border-irrigated alfalfa field.

In areas of high rainfall, ponding and subsequent
scaldingmaybeaproblem withouta surfacedrainage
capability. And, the timing of irrigations in these areas
is a critical issue. If irrigation is completed immedi-
atelypriortoalargerainfall event, water maypondat
the lower end; therefore, the scalding potential might
be substantial.

Cropping patterns—Borders are used to irrigate most
solid planting crops and, if furrowed, many row crops,
as well. Widely spaced trees usually are not irrigated
withbordersunlessthebordersenclosethetreeline,
leave an empty space between tree rows, and riceis
notusually growninbordersunlesstheyhaveblocked
ends. Since the water pondsthe entire surface, crops
with sensitivity to scalding may not be well irrigated
with borders. Likewise, borders are better suited to
deeplyrooted cropslike alfalfa than shallow rooted
crops like vegetables.

Cultural factors—Many growers like two things about
borders: the long travel lengths for their machinery
operationsandtheslopetofacilitate theapplication of
water during the initial wetting. These advantages are
offsetby morelaborand managementthanforbasins.
Properly designed and managed, blocked-end borders
will have the same high efficiencies and uniformities
as basins. Leaching is better in borders than in fur-
rows, but not as good asin basins.

Land leveling—Precision land leveling is just as im-
portant to high-performance in border irrigation as it
isforeitherbasinsthatuse ponding tocompensate for
some microtopography, or furrows, where the chan-
neled flow will keep the water from concentratingin
onelocationofthefield. With precisionland grading,
aborder flow will advance uniformly to the end of

the field and apply a uniform and efficient irrigation.
Land smoothing to maintain the surface profile is also
important.

Oneoftheinterestingfeaturesofborders,aswith
furrows, is that the field slope does not need to be
uniform down the irrigation run. In some fine-textured
soils, the slope can be flattened over the lower 25
percentofthebordertoincrease uniformity atthe end
ofthefield.

(4) Summary of surface irrigation methods
Choosingonetypeofsurfaceirrigationover another
isvery subjective because of the number of criteria
toconsiderandthecomplicatedinteractionsamong
the criteria. Table 4—1 gives a general summary of the
description and some typical comparisons.

Tailwateroutletforablocked-endborder
system
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Table 4-1 General comparison of surface irrigation surface methods

—

Selection criteria Furrow irrigation Border irrigation Basinirrigation
Necessary development costs Low Moderate to high High

Most appropriate field geom-  Rectangular Rectangular Variable

etry

Amountandskill oflabor
inputs required

Land leveling and smoothing

Soils

Crops

Water supply

Climate

Principalrisk

Efficiency and uniformity

High labor and high skill
required

Minimal required but needed
for high efficiency. Smoothing
needed regularly

Coarse- to moderate-textured
soils

Row crops

Low discharge, long duration,
frequent supply

All, but better in low rainfall

Erosion

Relatively low to moderate

Moderate labor and high skill
required

Moderate initial investment
and regular smoothing is
critical

Moderate- to fine-textured
soils

Rowl/solid-stand crops

Moderately high discharge,
shortduration,infrequent

supply

All, but better in low to mod-
erate rainfall

Scalding
High with blocked ends

Low labor and moderate skill
required

Extensive land leveling re-
quired initially, but smoothing
islesscritical if done periodi-
cally

Moderate- to fine-textured
soils

Solid-stand crops
High discharge, short dura-

tion, infrequent supply

All

Scalding
High
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(c) Water management in surface irriga-
tion systems

Surface irrigation is difficult to manage at consistently
high levels of performance (efficiency and uniformity)
because the basic field characteristics change from
irrigationtoirrigation, croptocrop,andyeartoyear.
For example, the soil intake changes dramatically be-
tween the first irrigation following cultivation and the
next. The field is also smoother, aslong as the crops
donot grow in the flow path, but will become rougher
as the season progresses. These variations cause the
water to not only infiltrate at different rates, but also
changehow fast thewateradvancesoverthefieldand
recedesfromit after the flowisturned off. If anirriga-
tor misjudgesthebehavior of the system, the perfor-
mance will decline. It is not surprising that surface
irrigation efficiencies worldwide are low.

At the appraisal, design, or rehabilitation stage, the es-
sential questions to be asked about the surface irriga-
tion system are:

e Whatkind of surface system should be selected?
o Whatflowunitsarebestsuited forthesituation?
o Whenshouldtheinflowbediscontinued?

o Whatisthebestfieldslopeandlength?

¢ What structures and facilities are needed?

e What provisions should be made for tailwater?

At the operational stage, the questions are:
o Whatshouldtheunitflowbe?
o Whenshoulditbe shut off?

In other words, water management in surface irriga-
tion systems involves both design and operational
questions with a similar set of parameters. The follow-
ingare some general guidelines. More specifictools
will be presented in subsequent sections.

(1) Choosing a surface irrigation system

The eight factors described under basin, furrow, and
border irrigation generally will dictate the type of
surface system that should be employed in a particular
situation, but the cultural factor is the deciding factor.
Thecropstobeirrigated maydeterminethe system
immediately. Forinstance,ifpaddyriceisthe major
crop, basins willnearly alwaysbe the logical choice.

Except some rice areas in the southern United States
prefer low-gradient, blocked-end borders to facilitate
drainage andtobetter accommodate second crops
like soybeans. For more on rice growing, consult the
National Engineering Handbook (NEH), Section 15,
Chapter 6, Contour Levees, and local state guides.

Future water quality goals for watersheds may be such
that the surface irrigation systems must have a higher
efficiency than canbe achieved with furrows and,
therefore, dictate basins, blocked-end borders, or fur-
row systems with tailwater reuse. In many cases, there
may not be a definite advantage associated with any
form of surface irrigation. The system selected must
bebased onfarmer preference,cropping pattern,or
environmental constraints.

Land leveling is nearly always the most expensive
operation onthe field. In choosing a border or basin
systemoverafurrow system,considerthesecapital
costsinlieu of the savings in operational costs like
water, labor, and maintenance. Consequently, leveling
costs are probably thefirstindicator. Consider, for ex-
ample, afield that wouldrequire $300 peracretolevel
itfor basins. Ifthe water costis $15 per acre-foot, it
would require many years to recapture the investment
costsofthelevelingwith water savingsalone.Onthe
otherhand,iflaboriscritically expensive and short,
perhapsthe basins would be a more feasible choice. If
a change in surface irrigation system is contemplated,
examining the leveling costs after considering cultural
factors will prove useful.

(2) Inflow rate and efficiency

There is an interesting trade-off between the inflow
rateandthetimeofcutoff whichinfluences uniformity
and efficiency differently. If the discharge per unit
widthistoosmall,the water willadvance very slowly
overthefield resultingin pooruniformity and low
efficiency. The problems with uniformity willbe due
tothelarge differencesinthe time wateris allowed to
infiltrate along the field (intake opportunity time). Low
efficiencyiscaused by intake exceeding the soil’s abil-
ity to store it in the root zone of the crop (deep per-
colation). If the unit flow is incrementally increased,
both uniformity and efficiency will increase and will
continue in a positive manner for basin irrigation, but
not for border and furrow irrigation.

In free-draining furrow and most border systems, the
incremental increase in unit discharge (with a cor-
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responding decreasein cutofftime so the volume
requiredisapproximated) willreach apoint wherethe
efficiency reachesamaximum andbegins todecline
evenasuniformitycontinuestoincrease. Thecause
ofthispeakingofefficiencyisthe gradualincreasein
field tailwater that will more than offset the decreases
in deep percolation as uniformity improves.

One of the problems in surface irrigation is that the first
irrigation of the season following planting or cultivation
often requires two or three times the flow rate that sub-
sequent irrigations need to achieve acceptable unifor-
mity. The infiltration rates are higher during these initial
irrigations, and thus, the need for higher inlet flows. As
the soilintake diminishes during the season, theinlet
flowscanbereduced. The designandoperationofsur-
faceirrigation systemsrequire adjusting theinflow rate
and its duration to achieve maximum efficiencies.

(3) Changingthefield geometry andtopography
Cultivation, planting, and harvesting with modern
mechanization are more efficient for large fields with
longlengthsofrun. Asthe soiltextureinalargefield
may range from clay and clayloamto siltloam and
sandy loam, the length of the field may be too long for
efficient surface irrigation. Dividing the field in half,
thirds, or quartersisoften an effective way to achieve
better uniformities and efficiencies. However, because
a field subdivision costs the farmer in mechanization
efficiency,land area,and moneyforthechanges, sur-
face irrigation should be evaluated first using the field
dimensions that correspond to property lines, organi-
zation of supply pipesorditches, or what the farmeris
currently doing.

Itis a good design practice to avoid slope changes in
the direction of irrigation. Surface irrigation can be
configured to work well within a range of slopes be-
tween 0 and 0.5 percent. If aflatter slopeis needed to
control erosion atthe end ofa slopingfield, flattening
thelast quarterofafield’sslopeiseasily accomplished
with modern laser-guided land leveling equipment and
need not be prohibitively expensive.

Surface irrigation performance can always be im-
provedbyaccuratelevelingand smoothingofthefield
surface. As noted previously, most irrigators consider
precision land grading as the best water management
practice. Figure 4-9 shows aland planeinthe process
of smoothing a field. Furrowing borders orbasinsalso
reduces the effect of topographical variations.

Some soils are too coarse textured for efficient surface
irrigation, but when water advance over a freshly culti-
vatedfieldisaproblembecauseofhighintake,alimit-
eddischarge,orerosionintakeratesmaybeimproved
by smoothing and compacting done with attachments
to the planting machinery. Incorporating crop residues
and animal manures may also change the intakes and
improve soil moisture-holding capacity.

(4) Tailwater recovery and reuse

Toconvey water overthe field surfacerapidly enough
toachieveahighdegreeofapplicationuniformity and
efficiency, the discharge atthefieldinlet mustbe much
larger than the cumulative intake along the direction
ofadvance. A significant fraction ofthe inlet flow re-
mainsattheend of the field that will run off unless the
fieldisdikedorthetailwateriscapturedandreused.
In many locations, the reason to capture tailwater is
not so much for the value of the water, but for the soil
thathaseroded fromthefield surface. Othercondi-
tions exist where erosion is not a problem and the
water supply is abundant, so the major emphasis is
merely to remove the tailwater before waterlogging
and salinity problems emerge. Finally, it may be cost-
effective toimpound the tailwater and pumpitback to
the field inlet for reuse or store it for use on lower ly-
ing fields. Figure 4-10 shows a typical tailwater recov-
ery and reuse system.

Figure 4-9

Field smoothing canbe done by aland plane
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Figure 4-10
|

Typical tailwater recovery and reuse system

(5) Automation and equipment

High labor requirements are a disadvantage of surface
irrigation that many irrigators cite as reasons for con-
verting to sprinkle or microirrigation. Irrigators must
fit irrigation practices into busy schedules, resulting in
set changes being made at convenient time intervals
andnot when changes should be made for high ef-
ficiency. Automation, which can regulate the supply
flow to various partsofthefield and properly adjust
unit flows and cutoff times, is a critical need in surface
irrigation to solve the labor requirement. Unfortu-
nately,experience to date hasbeen mixed because
astandard technology has notbeen developed for
widespread use.

Border and basin facilities and automation—Some
ofthecommonfacilitiesforborderandbasinirrigation
areshowninfi 4-11. The automation for basin and
border involves mechanizing and controlling individual
outlets. This is comparatively straight forward for the
single-gate offtakes but can be substantially more com-
plicated for multiple-gate outlets. For instance, the jack
gateshowninfi  4-11 readily can be equipped with
a remotely controlled actuator such as a pneumatic
piston. Where water control involves siphons or ditch
gates, automation is generally impractical.

Asarule, automationofborder andbasinofftakesin-
volves retrofitting mechanization to the gate and then
connectingitvia wire, telephone, or radio to a control-
ler,wheretheirrigator can makeremotechangesor

wheresystemregulationcanbe madeatspecified time
intervals. The wheel-actuated gate shown in figure 4—
12canbeequipped with a small electric motor and
gear assembly to automate the offtake. In any event,
wheneverautomationcanbereducedtoasinglegate
asfor many borders and basins, it is much more fea-
sible and reliable than for furrow systems.

Furrow irrigation facilities and automation—
Furrows are often supplied water by some of the same
facilities used in borders and basins. For example, fig-
ure 4—-13showstwofurrow systems supplied by ditch
gates and siphon tubes.

Perhaps the most common furrow irrigation system is
oneusing gated pipe. Figure 4—14 showstwoexamples
thatillustrate both the rigid and fl options. Rigid-
gated pipe is generally found in aluminum or PVC and
rangesinsizefrom 6to 12inches with gate spacings
rangingfrom 20to 48inches. Thefl pipe,or
polypipe, can be purchased in sizes from 12to 18inches
with wall thicknessesof 7to 10 mil. An advantage of

fl pipeisbeing able to place gates at any
spacingdesired. Typically,gatesarenotusedatall,just
holespunchedin the pipe.

Furrow systems can alsobe served by field baysor
narrow,shallowchannelsattheheadofthefieldthat
create a small reservoir from which individual furrows
are supplied water. In figure 4—4, water is diverted
fromaheadditchintothefieldbay and then diverted
into the furrows with siphons.

(6) Cutback

To achieve the most uniform surface irrigation, the
advance phase has to occur fairly quickly and requires
arelatively large unit flow. In border or basin irriga-
tion, theinflow is terminatedin mostcasesbefore the
advancingfrontreachestheendofthefield. Infurrow
irrigation, however, it is nearly always necessary to
maintaininflow well beyond the completionofad-
vance torefill the root zone. Consequently, the runoff
or tailwater volume can be high and the application
efficiency low. One way to overcome this problem is to
allowahigh flow duringtheadvancephaseandthen
reduce it to a smaller value during the wetting phase,
thereby minimizing tailwater. This process is called
cutback. A simple example is the use of two siphons
per furrow during the advance phase and then reduc-
ingtheflowbyeliminating one ofthe siphonsduring
the wetting phase.
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Figure 4-11 Typical border and basin field outlets
|

(a) Jackslidegate(singlegateofftake) (b) Ditch gates

(c) Alfalfavalve (d) Large diameter siphon tubes
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Figure 4-12 Awheelliftslide gatebeforeand afterautomation
|

(a) Typicalgate structure (b) Gatewith automation

Figure 4-13 Twomethodsof supplying water to furrows
|

(a) Furrow ditch gates (b) Siphon tubes
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Figure 4-14  Gated pipe options for furrow irrigation
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Furrow irrigation automation was not very successful
untilthe adventofthesurge flow concept; although,
systems like the cablegation system developed in
Idahohaveproventowork wellduringfield research
and demonstration studies (fig. 4-15). Cablegation
involvesamechanized plugattachedtoacablethatis
extended at a fixed rate from the upper end of the sys-
tem. Theflowsfrom gated openingsneartheplughave
higher rates than those away from the plug, and thus,
asthe plug movesalong the pipe, the flow in the up-
stream furrows decrease. Cablegation is an interesting
formofcutbackirrigation. Cablegationhasnotfound
widespreaduseduetoitscomplexhardware, difficult
management requirements, and lack of standardized
and commercial equipment.

Asaconcept, cutbackis an attractive way toimprove
furrow irrigation performance. In practice, it is almost
impossible to implement in the field and is inflexible.
When the flowisreduced, the flow characteristics of
thesystemarechanged,andthegateopeningswould
need to be adjusted. With a simple furrow irrigation
systemusingsiphons,cutbackcanbeaccomplished

with substantial labor. Since the advance time and
wettingtimeneedtobeaboutequal, thesavingsintail-
water may be nearly offset by increases in deep perco-
lation.Intermsofautomation,the practicablewaysof
implementing cutback are the cablegation system or
surge flow.

(7) Surgeirrigation

Surge irrigation is the intermittent application of water
toafurrowandunderthesurgeflowregime,irriga-
tionisaccomplished through a series of short duration
pulsesofwaterontothefield. With continuous furrow
irrigation, assoon as waterisapplied tothefurrow,

it begins to infiltrate downward and laterally through
outtheroot zone of the crop. Initially, the advance
rateisfast,butasthewater advances downthefur-
row, the advance rate slows. Water infiltration can be
much greater atthe top of the field than the bottom
becauseofthelongeropportunity time.Instead of
providing a continuous flow onto the field, a surge flow
regimewouldreplacea 6-hour continuousflow set
with something like six 40-minute surges. Each surge
ischaracterized by a cycle time and a cycle ratio. A

Figure 4-15
——
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typicaladvance/recession plotforasurged systemis
illustrated in figure 4-16.

Effects of surging on infiltration—Since its introduc-
tionin 1979, surgefl  hasbeentestedonnearlyevery
typeofsurfaceirrigation system andoverthefullrange
of soiltypes. Results vary depending on the selection
ofcycletime, cycleratio, and discharge. Generally, the
intermittent application signifi reduces infi
ratesandthetimenecessaryfortheinfi rates to

approach thefi  orbasicrate. Toachieve thiseffect
on infi rates,thefl  must completely drain
fromthefi  betweensurges. Ifthe period between

surgesistooshort, theindividual surgesoverlap or co-
alesce,andtheinfi effectsaregenerallynotcre-
ated.Theadvancetimeforsurgeirrigation maynotbe
an improvement on soils that initially have low intake
rates and on fields with relatively large slopes. Soils
thatcrack when dry also are less likely to produce a
favorable response to surge irrigation.

The effect of having reduced the infiltration rates over
atleastaportionofthefieldisthatadvanceratesare

Figure 4-16 Advanceandrecessiontrajectoriesfora
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increased. Generally, less water is required to com-
pletethe advance phaseby surge flow than with con-
tinuous flow. Surgingis often the only way tocomplete
the advance phase in high intake conditions like those
following planting or cultivation. As a result, intake
opportunity times over the field are more uniform.
However, sinceresults will vary among soils, types of
surface irrigation, and the surge flow configurations,
tests should be conducted in areas where experience
1s lacking to establish the feasibility and format for us-
ingsurgeflow. Eventhough advance time maynotbe
improved, thebenefitsofreduced runoffand reduced
labor may still prove surge irrigation to be worthwhile.

Surge flow systems—Surge flow lends itself very
welltoautomation which greatly enhancesthe use of
cutback irrigation. The automation reduces the labor
requirement. The cutting back on stream size reduces
therunoffwhich aretwoofthe maindisadvantages
of surface irrigation. The original surge flow system
involved automating individual valves for each furrow
using pneumaticcontrols. Figure 4—17showsoneof
the early systems. The complexity and cost of these
systemsprovedtobeinfeasible, and asimpler system
involving an automated butterfly valve like the ones in
figures 418, 4-19, and 4-20 was developed to imple-
ment surge flow by sequentially diverting the flow
from one bank of furrows to another on either side of
thevalue.

The automated butterfly valves have two main com-
ponents: a butterfly valve and a controller. The valve
body is an aluminum tee with a diverter plate that
directs water to each side of the valve. The controller
uses asmall electric motor toswitch the diverter plate,
and its type varies with its manufacturer. Most control-
lers can be adjusted to accomplish a wide variety of
surgeflowregimesandhavebothanadvancestage
and a cutback stage. During the advance stage, water
isappliedin surgesthat do not coalesce and can be
sequentially lengthened. Specifically, it is possible to
expand each surge cycle sosurges that wet the down-
streamendsofthefieldarelongerthanthoseatthe
beginning of irrigation. During the cutback stage, the
cyclesareshortened sotheindividual surgescoalesce.

Adaptationforborderandbasinsystemscanbemade
by automating existing control structures and perhaps
by anew control structure. Generally, the surgecycle
time for these systems must be two to four times as
long asin furrow systems to allow complete recession
between surges.
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Figure 4-17 Early surge flow system with individual gate Figure 4-19 Closeupofsurgevalve and gate pipe setup
esssss—— control

Figure 4-18 Automated butterfly surge flow valve Figure 4-20 Automated butterfly surge flow valve water-
—— meessss—— ingoneside

Brass bushings

Gearkey

O-rings

Butterfly flap
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623.0401 Surface irrigation
principles

(@) Introduction

An evaluation of a surface irrigation system will identi-
fy various management practices and field layouts that
can be implemented to improve the irrigation efficien-
cy and/oruniformity. Theevaluation may show, for
example, that achieving better performance requires a
reductioninthe flow and duration of flow at the field
inlet, or it may indicate that improvements require
changes in the field size and topography. Perhaps a
combination of several improvements will be neces-
sary. Thus, the most important objective of the evalua-
tion is to improve surface irrigation performance. The
procedures for field evaluation of irrigation systems
are foundin the NEH, Part 652, National Irrigation
Guide, particularly Chapter9, Irrigation Water Manage-
ment. This section does not repeat each of the various
procedures applicable to surface irrigation but will
supplement some of them in more detail or with more
recent developments.

(b)

(1) Soil moisture

As commonly defined, the available moisture for plant
useisthe soil water held in the soil matrix between a
negative apparent pressure of one-tenth to one-third

Important surface irrigation concepts

bar (field capacity) and a negative 15 bars (permanent
wilting point). However, the soil moisture content
within this pressure range will vary from 3 inches per
foot for some silty loams to as low as 0.75 inches per
foot for some sandy soils.

Considerthe simplified unitvolume of soil comprised
of solids (soil particles), liquid (water), and gas (air)
asshownin figure 4-21. The porosity, (¢), of the unit
volume 1s:

\V/
p=—2
4 (eq.4-1)
Thevolumetricwatercontent, 8,1s
g="v
v (eq.4-2)

The degree of saturation, S, whichisthe portion of the
pore spacefilled with water, is

p (eq.4-3)

Porosity, saturation, and moisture content in a soil are
related by the expression:

=S¢ (eq.4—4)

Figure 421 Components of the soil-water matrix
—
/
V. Air
V =V+V
poa w
v, Water
V_=Soil volume v
V, =Volume of air
V, =Volume of water
V., =Volume of soil particles v . .
Vp = Volume of soil pores s Soil particles
\
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There are anumber of waysto measure waterin a

soil. These include tensiometers, resistance blocks,
wetting-front detectors, soil dielectric sensors, time
domain reflectometry, frequency domain reflectometry,
neutron moderation, and heat dissipation. However,
one of the mostcommon and simplest is the gravi-
metricmethodinwhich soil samples are extracted
fromthesoil profile,oven-dried, and evaluated onthe
basisofthe dry weight moisture fraction, W, of the soil
sample:

W= sample wet wt. — sample dry wt. _ W,

sample dry wt. W, (eq.4-5)

The dry weight moisture fraction can be converted to
volumetric water content as follows:

O=7,W (eq.4-6)

where y, is the bulk density or bulk specific weight of
the dry soil. Also, y, is related to the specific weight of
thesoil particles, v, by

Vo =v.(1-9) (eq.4-7)

Fieldcapacity, Wy, isdefined asthe moisturefraction
of the soil when rapid drainage has essentially ceased
andany furtherdrainageoccursataveryslowrate.
For a soil that has just been fully irrigated, rapid drain-
age will generally cease approximately after 1 day for
acoarse sandy soil and after approximately 3 days for
afine-texturedsoil. Thiscorrespondstoasoil mois-
ture tensionofatenth to athirdbar.

The permanent wilting point, W18 defined as the soil
moisture fraction at which permanent wilting of the
plant leaf has occurred and applying additional water
willnotrelievethe wilted condition. This pointisusu-
ally taken as the soil moisture content corresponding
to a soil moisture tension of 15 bars.

The volumetric moisture contents at field capacity and
permanent wilting point become:

~ 6-(0+0.0001x1,180)-0.6

hf
1,180/100

=0.448ft/100ft

(eq.4-8)

6wp = YbWwp (eq 4_9)

The total available water, TAW, to the plants is approx-
imately the difference in these volumetric moisture
contents multiplied by the depth of the root zone, RD:

TAW= (efc - 9Wp) RD (eq. 4-10)

Note that equation 4-10 is not technically exact be-
cause crop roots do not extract water uniformly from
the soil profile.

Figures 4-22 and 4-23 illustrate the relation among
field capacity, permanent wilting point, total available
water, and soil type. Table 4—-2lists some common
rooting depths for selected crops. The values shownin
table4—2aregeneralandafield survey performedto
determine if restrictive layers are present. More crop
information can be found in NEH 652.03.

The management allowable deficit, MAD, is the soil
moisture thatcanbeused by the crop beforeirrigation
shouldbe scheduled. For deeplyrooted and stress-
tolerantcropslike alfalfa,the MAD canbe as much as
60to 65 percent of TAW,whereas for shallow-rooted
and stress-sensitive crops like vegetables, the MAD
level should not exceed 35 to 40 percent of TAW. Some
crops, like cotton and alfalfa seed, require a stress pe-
riod to produce lint or seeds, and MAD may need to be
asmuch as 80 percent of TAW for someirrigationslate
inthe maturation period. Inthe absence of crop spe-
cificinformationinalocality, assuming a MAD level of
50 percent of TAW generally canbe used to schedule
irrigations.

Figure 4-22 Componentsofsoil water
——
Saturation
Gravational water,rapid
drainage
Field capacity

! el

= = 4 Capillary water, very slow

g drainage

¢ Permanent wilting point

Hygroscopic water,
essentailly no drainage

Ovendry
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Figure 4-23 Variation of available soil moisture with soil type
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Table 42 Averagerootingdepthsselectedcropsindeep, well-drained soils
—
Root depth, Root depth,

Crop P Crop Py
Alfalfa 5 Grapes 3
Almonds 7 Ladino clover and grass mix 2
Apricots 7 Lettuce 1
Artichokes 2 Melons 3
Asparagus 5 Milo 4
Barley 4 Mustard 2
Beans (dry) 3.5 Olives 5
Beans (green) 3 Onions 1
Beans (lima) 3.5 Parsnips 3.5
Beets (sugar) 3 Peaches 7
Beets (table) 3 Pears 7
Broccoli 2 Peas 3
Cabbage 2 Peppers 3
Cantaloupes 3 Potatoes (Irish) 3
Carrots 2 Potatoes (sweet) 4.5
Cauliflower 2 Prunes 6
Celery 2 Pumpkins 6
Chard 2 Radishes 1
Cherries 4.5 Spinach 2
Citrus 4.5 Squash (summer) 3
Corn (field) 4 Strawberries 1
Corn (sweet) 3 Sudan grass 5
Cotton 4 Tomatoes 3
Cucumber 2 Turnips 3
Eggplant 3 Walnuts 7
Figs 7 Watermelon 3
Grain and Flax 4
4-22 (210-VI-NEH, September 2012)
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The soil moisture deficit, SMD, is the depletion of soil
moisture at particular soil moisture content, 6, and can
be expressed as a depth of water as follows:

SMD=(6,,—6)RD (eq. 4-11)

Example 1—Oneofthe mostimportantcharacteris-
tics of soilisits bulk density or bulk specific weight.
When evaluating soil moisture, particularly with the
gravimetric method, this parameter is necessary to ac-
curately estimate TAW, SMD, and MAD. The following

example is given to demonstrate these relationships.

Whatisthebulk density or bulk specific weightofan
undisturbed sample 12incheslongby linchindiam-
eter and weighing, when collected, 0.573 pounds? The
entire sample was oven-dried to specification and then
saturated with 3.594 cubic inches of water. The spe-
cificweightofthe soil particlesis 165.434 pounds per
cubic foot.

Thesolutiontothis questionisfoundinequation4-7,
whichrelatesporosity tobulk density and the specific
weight of the soil particles: recognizing that the

3.594 cubicinches of water occupies the entire pore
spaceinthesample, the porosity fromequation4—1is:

\V
_p_ 3594
o=y = P
- 12><n(j)

=0.381=38.1%

(eq.4-1)

Thenfromequation 4-7forbulk densityy, yields:

vo =7, (1-¢)
=165.434x(1-0.381)

=102.404

=1.640 gm/cm (eq.4-7)
Example 2—The most important uses of soil mois-
ture characterizations are those that assist the irriga-
torindetermining whentoirrigate and how muchto
apply.Acorollary problem forthe surfaceirrigation
evaluation is determining the soil moisture prior to ir-
rigation so an estimate of efficiency canbe made. This
exampleisatypical exercise aspartofasurfaceirriga-
tion evaluation.

Anumberofsoil samplesfrom throughouta65-acre,
border-irrigated field were collected and evaluated

gravimetrically. The bulk density, field capacity, and
wilting point were estimated for each soil depth dur-
ing earlier evaluations. All the data were averaged by
depth and are presented along with the average dry
weightsoil moisture fractioninthetable below. How
much water should the surface irrigation system apply
basedonthesedata?

Soil depth, Soil bulk

in ? density WBez  WB,p w
0-6 1.25 0.24 0.13 0.16
6—-12 1.30 0.28 0.14 0.18
12-24 1.35 0.31 0.15 0.23
24-36 1.40 0.33 0.15 0.26
36—48 1.40 0.31 0.14 0.28

Thesedata are presented on adry weightbasis,nota
volumetricbasis, and needs tobe converted as fol-
lows:

Soil depth, o =yw 0 =yW 0=y W rSn(;)lilsture

in fe bk hd boow b . ’
m

0-6 0.300 0.163 0.200 1.200

6-12 0.364 0.182 0.234 1.404

12-24 0.419 0.203 0.311 3.732

24-36 0.462 0.210 0.364 4.368

36-48 0.434 0.196 0.392 4.704

Depth

weighted 0.412 0.195 0.321

average

Valuesfortwokeysoilmoisture parametersthatcan
bedeterminedfromthe abovedataare:

TAW =(0.412-0.195)(48)
=10.416in

SMD = (0.412-0.321)(48)
=4.368inor41.9%of TAW

Iftheirrigation were to occur at this point, the volume
the system should apply is 4.368 inches, and this will
require

( 4.368 )

121 /ftJ(65 ac)=23.66 ac-ft
m

Working through this example, note that expressing
bulk densityingramspercubiccentimeters makes fa
dimensionlessnumbersince 1 gramof waterhasavol-
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ume of 1 cubiccentimeter. This allows the evaluator to
express the equivalent depth in any units desired.

(2) Infiltration

Basic theory—Infiltration is perhaps the most crucial
factor affecting surface irrigation. This parameter con-
trolstheamountofwaterentering the soiland second-
arilyimpactsthe durationofbothadvanceandreces-
sion. Theamountofwaterentering thesoilandthe
duration of that irrigation varies greatly over a field.
Because of this extreme variability it is often difficult
to describe the infiltration across the entire irrigated
portion. Measuring such would require a large number
of measurements.

Oneof the simplest and most common expressions for
infiltration is the Kostiakov equation that can be writ-
ten in general terms for furrow irrigation as:

Z=Kt* (eq. 4-12)

where:

7 =the cumulative volume of infiltration per unit
length, ft3/ft

The coefficient K hasunits of ft3/ft/min?, while a is di-
mensionless. The intake opportunity time, z, has
units of minutes.

In aborder orbasin where a unit width can also be
defined, infiltration is expressed as:

zZ=xt? (eq. 4-13)
where:
z  =the cumulative depth of infiltration, ft
k  =unitsofft/min2
a =dimensionless asbefore

The units of equations 4—12 and 4—13 must be differ-
entsince aunitwidth asused forborders and basins

sranytthe peerderduazawsystams cfha residasesrice

between furrows.

Theduration ofthe water application forborderand
basin systems is usually short enough that the intake
rate derived from equation 4—13 will not significantly
underestimate infiltration at the end of irrigation.

However, equation 4—13 will generally underestimate

infiltration, in furrow irrigation systems. A more gener-
ally applicable relation for furrows is Kostiakov-Lewis
equation, which addsatermforfinalorbasicintake
rate, f foot per minute, for borders and basins, or F,
cubicfeet per foot per minute for furrows. The Kostia-
kov-Lewisfunction forfurrowsis:

Z=Kt* + K¢ (eq. 4-14)
andforbordersandbasinsis:
z t° ft
(eq. 4-15)
=x +

Note that k will have different values in equations 4—13
and4—15duetothewidthimplied, aswillthevalues

of Kinequations4—-12and 4—14. Forthismanual,itis
assumedthattheexponent, a, hasthe samevalue for
both furrow and border/basin irrigation.

Thecumulativeintakeinfurrowcanbeexpressed as
an equivalent depth by:

Y/
Z —_

w (eq. 4-16)
where:

w =furrowspacing

However, equation 4—-16 assumes complete lateral
uniformity between furrows, which is generally not the
case. Nevertheless, itisoften convenient to express
therequiredintakenecessarytorefilltherootzone as
adept%, zreq, and then deterniine the corresponding
required furrow intake Ly, using equation 4—16. One

note of caution is that equation 4—16 does not imply
thatx=K/worthatf =F /w.

Since surfaceirrigationisoften applied tothe heavier
soils and some of these tend to crack, equations 414
and 4-15 can be extended toinclude a combined term
forcracking and depression storage, c, C:

z t° ft c

=K+, F (eq. 4-17)

Z=Kt* + F0t+C (eq 4—18)

The units of cand C are the same as zand Z, respec-
tively. To date, there are no general recommendations
for the cracking terms.
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One canobserve thatiff issettozero, equation4-17
has the same form as the NRCS infiltration family
equations (app. A):

z=xt* +c (eq. 4-19)

(3) Revised NRCS intake families

The original SCS intake families, based on equation 4—
19with afixedcvalue, have provideduserswitha
starting point in the design and evaluation of surface
irrigation systems. These original intake family curves
arerevisedinthismanualtocorrespondtoequations
4-14 and 4-15. To provide the revised families that are
typical of values found in field measurements, there
are several assumptions that have been made:

e Theavailability of dataintheformofequa-
tions 4—14 and 4-15 is much greater for fur-
row systems than foreitherbordersorbasins.
Consequently, the reference family structure is
formulated for furrow irrigation and then modi-
fiedforbordersandbasins.

e The intake families should encompass both
initial and later irrigations since the intake
characteristics are usually reduced after the
first irrigation. The reference family of curves is
for the initial irrigations. Changes due to previ-
ous irrigations have been estimated from field

experience and expressed as a modification of
the reference family.

o The intake families are denoted with numbers
varyingfrom0.02to4.001inchesperhour.
These family categories are the average infiltra-
tionrateoverthefirst 6 hoursofirrigation. For
initial continuous flow irrigations, the average
6-hourintake rate is essentially the same as
the family designation, but 6-hour intake rates
for subsequent irrigations are less. Table 4-3
shows the average 6-hour intake rates for each
soil and irrigation regime (app. A).

e Theeffectofsurgeflowforinitialirrigationsis
approximatelythesameastheeffectof previ-
ous irrigations under continuous flow. Intake
under surge flow systems during subsequent
irrigations is based on adjustment of the initial
irrigation surge flow intake.

e Ithasbeenassumedthattheexponent,a,in
equations 414 and 4-15 are the same value
(the a exponent is the same for furrow and
border/basins) for each soil.

Figure 4-24 shows acomparisonofthetotal 6-hourcu-
mulative intake for the reference family and the three
other furrow irrigated conditions. Tables 4-3 through
4—6 show the intake parameters for furrows.

Figure 4-24  Average 6-hour intake rate for the revised NRCS furrow intake families

25

—6— Initial continued flow
—&— Later continued flow

20 - A- [Initial surge flow
- B~ Later surge flow
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Reference NRCS intake family —~

Cumulative intake, in

NRCS intake family

(210-VI-NEH, September 2012) 4-25



Chapter 4 Surface Irrigation

Part 623
National Engineering Handbook

To determine the Kostiakov-Lewis parameters for bor-
der and basin irrigation, it has been assumed that the
infiltration through the furrow perimeter is uniform
andthattheaexponentisthe sameforboth situa-
tions. Areference wetted perimeter for each furrow
familyhasbeendefined asshowninfigure4-24.Rec-
ognizing that one-dimensional border/basin infiltra-
tionwillbe different per unit width thaninfurrow,a
reference wetted perimeter for each furrow family has
been defined thatisintended tocompensate forthese
differences. Figure 4-25 shows typical values of wet-
ted perimeter for furrow irrigationin each of the soil
families. These values will change with slope, rough-
ness, crop, and cultural practice and are only for refer-

ence purposes. To convert from furrows to borders or
basins, the furrow Kand FB Bcoefficients are divided
by thereference wetted perimeterraisedtothe 0.4
power. Tablesforinitial andlaterborder andbasin
irrigation under both continuous and surged flow are
given in tables 4-8to 4-11.

Areference discharge should be specified for the fur-
row irrigation families since furrow intake is propor-
tional to the wetted perimeter and must be adjusted
based onthe actual flow in the furrow. The values of
thereferencewetted perimeterandflowaregivenin
tables 4—4 through 4-7. Figure 4—26 shows the relation-
ship of reference flow to intake family.

Table 4-3 Average 6-hour intake rates for the furrow-based reference intake families

—
NRCS Initial continuous Later continuous Initial surge flow Later surge flow
curve no.  Soil type flow irrig. 6-hour  flow irrig. 6-hour  irrig. 6-hourintake irrig. 6-hourin-
intake rate, in/h intake rate, in/h rate, in/h take rate, in/h

0.02 Heavyclay 0.022 0.017 0.018 0.016

0.05 Clay 0.055 0.042 0.045 0.039

0.10 Clay 0.099 0.074 0.080 0.068

0.15 Siltyclay 0.145 0.106 0.115 0.097

0.20 Sand/siltclay 0.193 0.138 0.150 0.126

0.25 Sandy clay 0.242 0.170 0.185 0.155

0.30 Sandy clay 0.292 0.202 0.221 0.183

0.35 Silty clay loam 0.343 0.234 0.256 0.211

0.40 Silty clay loam 0.395 0.265 0.291 0.239

0.45 Clayloam 0.447 0.296 0.326 0.266

0.50 Clay loam 0.500 0.326 0.361 0.293

0.60 Sandy clay loam 0.605 0.386 0.429 0.345

0.70 Sandy clay loam 0.710 0.445 0.495 0.396

0.80 Siltloam 0.815 0.501 0.560 0.445

0.90 Silt 0.918 0.556 0.624 0.492

1.00 Loam 1.021 0.610 0.686 0.5638

1.50 Sandy loam 1.517 0.855 0.973 0.745

2.00 Sandy 1.994 1.074 1.234 0.926

4.00 Sand 3.966 1.834 2.180 1.527
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Table 44 Continuous flow furrow intake families—initial irrigations
—

Continuous Flow Intake Curve Parameters for Initial Irrigations

ID Soi1l Hame a K Fo Qr ¥pr
(ft"3-ft/man"a) (ft°3-ft- mn) {gpm} {( £t)
~ .02 Heavy Clay 0.192 0.002620 0.0001461 7.411 0.365
i~ .05 Clay 0.247 0.004756 0.0002340 8. 255 0.399
.10 Clay 0.303 0.006783 0.0003475 9.648 0.452
i~ .15 S5ilty Clay 0.348 0.008500 0.0004621 11.023 0.500
" .20 Sil~sSand Clawy 0.385 0.010086 0.0005797 12_381 0.544
~ .25 Sandy Clay 0.416 0.011517 0.0006961 13.721 0.586
.30 Sandy Clay 0.442 0.012870 0.0008130 15 042 0.626
" .35 5ilty Clay Lo 0. 464 0.014166 0.0009285 16347 0.663
" .40 Silty Clay Lo 0.483 0.015383 0.0010425 17 . 633 0.699
i .45 Clay Loam 0.499 0.016541 0.0011534 18.901 0.733
i~ .50 Clay Loam 0D.514 0.017660 0.0012628 20.152 0.767
~ _60 Sandy Clay Lo 0.537 0.019750 0.0014715 22_.599 0.830
~ .70 Sandy Clay Lo D _556 0.021701 0. 0016687 24 976 0.889
i~ .80 Silt Loam 0D.572 0.023512 0.0018535 27.281 0.945
.90 Silt 0.585 0.025224 0.0020268 29.514 0.999
i 1.00 Loan 0.597 0.026836 0.0021894 31.677 1.050
~ 1.50 Sandy Loam 0.638 0.033830 0.0028582 41 420 1.282
" 2.00 Loamy Sand 0. 666 0.039706 0.0033515 49 381 1.483
- 4._00 Sand 0.751 0.059331 0.0044455 63.401 2.131
Table 45 Continuous flow furrow intake families—later irrigations
—
Continuous Flow Intake Curve Parameters for Later Irrigations
ID Soil Hame a K Fo Or ¥pr
(ft°3-ftrmn"a) (ft*3-ft-mn) {gpm)} { £t}
" .02 Heawy Clay 0.153 0.002230 0. 0001169 7. 411 0._365
.05 Clay 0.197 0.004036 0.0001872 8. 255 0.399
.10 Clay 0.242 0.005763 0.0002780 9.648 0.452
i .15% S5ilty Clay 0.278 0.007230 0.0003697 11 023 0.500
.20 5il1-Sand Clay 0.308 0.008566 0.0004638 12 381 0.544
.25 Sandy Clay 0.333 0.009797 0.0005569 13.721 0.586
" .30 Sandy Clay 0.354 0.010940 0.0006504 15 .042 0.626
.35% S5ilty Clay Lo 0.371 0.012046 0.0007428 16347 0.663
" _40 Silty Clay Lo 0. 386 0.013083 0D._0008340 17 633 0.699
.45 Clay Loamn 0.399 0.014061 0.0009227 18 901 0.733
.50 Clay Loam 0.411 0.015010 0.0010102 20.152 0.767
" .60 Sandy Clay Lo 0.430 0.016790 0.0011772 22.599 0.830
.70 Sandy Clay Lo 0.445% 0.018441 0.0013349 24 976 0.889
.80 Silt Loam 0.458 0.019982 0.0014828 27.281 0.945
.90 Silt 0.468 0.021444 0.0016214 29.514 0.999
- 1.00 Loan 0.478 0.022816 0.0017515%5 31.677 1.050
" 1.50 Sandy Loam 0.510 0.028760 0D._0022865 41 _420 1.282
 2.00 Loamy Sand 0.533 0.033746 0.0026812 49 _381 1.483
" 4.00 Sand 0.601 0.050431 0.0035564 63 401 2.131
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Table 46 Surge flow furrow intake families—initial irrigations
|

Surge Flow Intake Curve Parameters for Initial Irrigations

ID Soil Hame a K Fo Qr ¥pr
(ft°3-ft-mn"a) (ft*3-ft-mn) {gpm} { £t}

" .02 Heawvy Claw 0.163 0.002290 0.0001242 7.411 0.365
U | ]+ Clay 0.210 0.00415%6 0.0001989 8 _ 255 0.399
.10 Clay 0258 0.005933 0D_0002954 9 648 0.452
 .15% S5ilty Clay 0.296 0.007440 0.0003928 11.023 0.500
~ .20 5ilrsSand Clay 0.328 0.008826 0.0004928 12 _.381 0.544
.25 Sandy Clay 0.354 0.010077 0.0005917 13.721 0.586
.30 Sandy Clayw 0.376 0.011270 0.0006911 15.042 0.626
.35 S5ilty Clay Lo 0.394 0.012396 0.0007892 16.347 0.663
.40 Silty Clay Lo 0.410 0.013463 0.0008862 17 .633 0.699
.45 C(Clay Loam 0.424 0.014471 0D_0009804 18_901 0.733
— .50 Clay Loam 0.437 0.01545%0 0.0010734 20152 0.767
™ .60 Sandy Clay Lo 0.457 0.017280 0.0012508 22.599 0.830
.70 Sandy Clay Lo 0.473 0.018981 0.0014184 24 976 0.889
.80 5ilt Loam 0.436 0.020572 0._0015755 27.281 0.945%
.90 S5ilt 0.498 0.022074 0.0017228 29.514 0.999
 1.00 Loan 0.507 0.023486 0.0018610 31.677 1.050
 1.50 Sandy Loam 0.542 0.029600 0.0024294 41 420 1.282
(~ 2.00 Loamy Sand 0. 566 0.034746 D_0028488 49 381 1.483
— 4._00 Sand 0.638 0.051911 0._0037787 63.401 2.131

Table 4-7 Surge flow furrow intake families—later irrigations
—
Surge Flow Intake Curve Parameterz for Later Irrigations
ID Spil Hame a K Fo Qr ¥pr

(ft"3-ft mn"a) (ft" 3 ft mn) {gpm) { ft)

~ .02 Heawvy Clay D.144 0.002090 0.0001169 7.411 0.365
- .0% Clay 0D.185 0.003206 0.0001872 8. 255 0.399
.10 Clay 0.227 0.005423 0.0002780 9. 648 0.452
~ .1% S5ilty Clay D.261 0.006800 0.0003697 11.023 0.500
.20 511l-5and Clay 0.289 0.008066 0.0004638 12_.381 0.544
" .25% Sandy Clay 0D.312 0.009217 0.0005569 13.721 0.586
.30 Sandy Clay 0D.332 0.010300 0.0006504 15.042 0.626
.3% S5ilty Clay Lo 0.348 0.011336 0.0007428 16.347 0.663
" .40 S5ilty Clay Lo 0.362 0.012313 0.0008340 17 . 633 0.699
~ .4% Clay Loam D.374 0.013231 0.0009227 18.901 0.733
.50 Clay Loam 0.385 0.014130 0.0010102 20152 0.767
" .60 Sandy Clay Lo 0.403 0.0152800 0.0011772 22.599 0.830
.70 Sandy Clay Lo 0. 417 0.017361 0.0013349 24 976 0.889
.80 5ilt Loam 0D.429 0.018812 0.0014828 27.281 0.945%
.90 Silt 0D.439 0.020174 0.0016214 29 .514 0.999
 1.00 Loam D.448 0.021476 0.001751% 31.677 1.050
™ 1.50 Sandy Loam 0.478 0.027070 0.0022865 41 420 1.282
 2.00 Loamy Sand 0.500 0.031766 0.0026812 49 381 1.483
- 4.00 Sand D.563 0.047461 0.0035564 63.401 2.131
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Table 4-8 Continuous flow border/basin intake families—initial irrigations
—

Continuous Flow Intake Curve Parameters for Initial Irrigations

ID Soil Hame a k fo

(ftrmn"a) (ft mn)
" .02 Heawy Clavy 0.192 0D.001380 0.0000770
.05 Clay 0.247 D.002446 0.0001203
.10 Clay 0.303 0D.003393 0.0001740
.15 5ilty Clavy 0.348 0D.004160 0.0002261
" .20 511l-Sand Clay 0.385 0D.004836 0.0002778
.25 Sandy Clay 0.416 0D.005427 0D.0003276
" .30 Sandy Clavy 0.442 0D.005960 0.0003763
" .35 S5ilty Clay Lo 0._464 D.006456 0.0004233
" .40 Silty Clay Lo 0.483 0D.006923 0.0004687
i .45 Clay Loam 0.499 0D.007341 0.0005121
.50 Clay Loam 0D.514 0D.007750 0.0005541
- .60 Sandy Clay Lo 0.537 0D.008490 0.0006325
" .70 Sandy Clay Lo 0.556 0D.009161 0.0007044
.80 511t Loam 0D.572 0D.009772 0.0007701
.90 Silt 0.585% 0D.010334 0.0008303
- 1.00 Loam 0.597 0D.010856 0.0008855
i 1.50 Sandy Loam 0.638 0D.013030 0.0011006
(" 2.00 Loamy Sand 0.666 D.014766 0.0012463
" 4._00 Sand 0.751 0D.020151 0.0015097

Table 49 Continuous flow border/basin intake families—later irrigations
—

Continuous Flow Intake Curve Parameters for Later Irrigations

ID Soil Hame a k fo

{ft-mn"a) (ft-mn)
i .02 Heawvy Clay 0.153 0.001170 0.0000616
.05 Clay 0.197 0.002076 0.0000963
.10 Clay 0_242 0.002893 0.0001392
i~ .15 Silty Clay 0278 0.0035%40 o.0001809
i~ .20 SilsSand Clay 0_308 0D_004106 0. 0002223
.25 Sandy Clay 0.333 0.004617 0.0002621
i .30 Sandy Clay 0.354 0.005060 0.0003010
i~ .35 Silty Clay Lo 0_371 0.005496 0.0003386
i~ .40 Silty Clay Lo 0_386 0.005883 0.0003750
i .45 Clay Loam n._399 0D 006241 00004097
i .50 Clay Loam 0.411 0.0065%90 0.0004433
i .60 Sandy Clay Lo 0_430 0.007220 0.0005060
i~ .70 Sandy Clay Lo 0_445% 0.007781 0.0005635
i~ .80 5ilt Loam 0._458 0.008302 0.0006161
.90 Silt 0._468 0.008784 0.0006642
- 1.00 Loam 0D_478 0D_009236 0. 0007084
i 1.50 Sandy Loam 0.5%10 0.011070 0.0008805
i~ 2.00 Loamy Sand 0.5%33 0D.0125%56 0.0009970
(— 4.00 Sand 0.601 0.017131 0.0012078
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Table 4-10 Surge flow border/basin intake families—initial irrigations
|

Surge Flow Intake Curve Parameterz for Initial Irrigations

ID Spil Hame a k fo

{ft- mn"a) (ft/mn)}
i~ .02 Heawy Clay 0.163 0.001210 0.0000654
A | Clay 0.210 0.002146 0.0001023
.10 Clay 0.25%8 0.002973 0.0001479
i  _.1% Silty Clay 0.296 0.003640 0.0001922
.20 S5i1l1l-5and Clay 0.328 0.004236 0.0002362
—  _25% Sandy Clay 0.354 0.004747 0.0002784
.30 Sandy Clay 0.376 0.005210 0.0003198
i _.3% S5ilty Clay Lo 0.394 0.005656 0.00035%98
i _40 Silty Clay Lo 0_410 0. 006053 0._0003984
" _45% Clay Loanm 0D.424 0.006431 0.0004353
.50 Clay Loam 0.437 0.006780 0.0004710
i _60 Sandy Clay Lo 0_457 0. 007430 0_0005376
.70 Sandy Clay Lo 0._.473 0.008011 0.0005987
.80 S5ilt Loam 0.486 0.008552 0.00065%46
.90 S5ilt 0_4938 0D_009044 0_0007057
" 1.00 Loanm 0.507 0.009506 0.00075%27
 1.50 Sandy Loanm 0.542 0.011400 0.0009356
 2_.00 Loamy Sand 0.566 0.012926 0.00105%93
" 4._00 Sand 0.638 0.017631 0.0012833

Table 4-11 Surge flow border/basin intake families—later irrigations
——

Surge Flow Intake Curve Parameters for Later Irrigations

ID Soil Hame a k fo

{(ftr mn"aj} {ft-mn}
" .02 Heawy Clay 0D.144 0.001100 0D.0000616
.05 Clay 0D.185 0.00195% 0D.0000963
.10 Clay 0.227 0.002723 0D.0001392
i .1% S5ilty Clay 0D.261 0.003330 0.0001809
.20 5ilsSand Clay 0.289 0.003866 0D.0002223
.25% Sandy Clay 0D.312 0.004337 0D.0002621
" .30 Sandy Clay 0D.332 0.004770 0.0003010
™  .35% 5ilty Clay Lo 0.348 0.005166h 0D.0003386
" .40 Silty Clay Lo 0.362 0.005533 0D.0003750
i .45 Clay Loam 0D.374 0.005881 0.0004097
.50 Clay Loam D.385 0.006200 0D.0004433
i .60 Sandy Clay Lo 0.403 0.006790 0.0005060
i .70 Sandy Clay Lo 0.417 0.007331 0.0005635
~ .80 S5ilt Loam D.429 0.007812 0D.0006161
.90 Silt 0D.439 0.008264 0D.0006642
" 1.00 Loam 0D.448 0.008686 0D.0007084
™ 1.50 Sandy Loam D.478 0.010420 0D.00D8EOS
(" 2.00 Loamy Sand 0D.500 0.01181% 0.0009970
" 4 .00 Sand 0D.563 0.016121 0D.0012078
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Figure 4-25 Reference furrow wetted perimeters for the
e revised NRCSintake families
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(4) Irrigation efficiency and uniformity

The effectiveness of irrigation can be described by its
efficiency and uniformity. Because an irrigation sys-
tem applies water for evapotranspiration and leaching
needs, aswell asoccasionally seed bed preparation,
germination, or cooling, there have emerged a number
of different efficiencies and ratios to give specific mea-
sures of performance. The most important indicator
of how well the irrigation served its purposesis how it
impacted production and profitability on the farm.

When a field with a uniform slope, soil, and crop
receives steady flow atitsupperend, awater front will
advanceatadecreasingrateuntilitreachestheendof
thefield. Ifitis not diked, runoff will occur for a time
before recession starts following cutoff. Figure 4-27
shows the distribution of applied water along the field
length stemming from these assumptions. The differ-
ences in applied depths are nonuniformly distributed
with a characteristic shape skewed toward the inlet
end of the field.

Figure 4-27 Distribution of applied water in surface irrigation
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The amount of water that can be stored in the root
zone1is (L)(Zre ), but as shown, some region of the
root zone has not received water owing to the spatial
distribution of infiltration. The depth of water that
would refill the root zone is Zpoo beyond which water
percolates below the roots andg islost to the drainage
or ground water system. Generally, these flows return
toreceiving waters where they canbe used elsewhere.
Thus, they arelostin terms of the local condition, but
nottotheregional orbasinlocale. The negative conno-
tationsofloss should be kept even though thiswater

mayberecovered andreused. The quality ofthese
flows is nearly always degraded, and the timing of

when they are available elsewhere may not be useful.

Computing each of these components requires a
numerical integration of infiltrated depth over the field
length. Forthe purposesof this discussion, itisconve-
nienttodefine the components asfollows:

V. isthetotal depth (per unit width) or volume (per
furrow spacing) of water applied to the field.

Vpyisthetotaldepth (perunit width) or volume (per
furrow spacing) of water necessary toreplace the
soil moisture deficit.

V_, is the depth of water (per unit width) or volume
(perfurrow spacing) ofirrigation waterthatis
actually storedintheroot zone.

V,; is the depth of water (per unit width) or volume
(per furrow spacing) that represents under-irriga-
tion.

V4, is the depth of water (per unit width) or volume
(perfurrow spacing) of water that percolates be-
low the root zone.

V., is the depth of water (per unit width) or volume
(per furrow spacing) of water that flows from the
field as tailwater.

V,, isthe depth of water (per unit width) or volume of
(per furrow spacing) of water needed for leaching.

qu istheaverage depth (per unit width) or volume
(perfurrow spacing) ofinfiltrated waterinthe
least-irrigated 25 percent of the field.

Irrigation efficiency—The definition of irrigation ef-
ficiency, E;, representsthefractionof water applied to
thefieldthatcouldbeconsideredbeneficially used:

\7rz+VL \]rz-’_VL
E = TV 4V +V
\]in 17 dp tw

(eq. 4-20)

Application efficiency—Application efficiency is a
subset of irrigation efficiency, which evaluates only
how welltheirrigation water was stored in the root
zone:

E:%:Vrz V +V
4V

in 17 dp tw

(eq. 4-21)

Storage or requirement efficiency—A measure of
how well the root zone was refilled is called storage or
requirement efficiency and is described as:

v V.,

E=v%=r————
Vi (Zreq )(W)(L) (eq. 4-22)

Distribution uniformity—Application or distribution
uniformity concerns the distribution of water over the
actual field and can be defined as the infiltrated depth
orvolumeintheleast-irrigated 25 percentofthefield
divided by theinfiltrated depth or volumeoverthe
whole field:

10)(V,
DU=

(Vrz + Vdp)

Deep percolation ratio—The deep percolation ratio
indicates the fraction of applied irrigation water in-
filtrating the soilthat percolatesbelow theroot zone.
Precipitation during the irrigation event and perhaps
within 1 to 3dayswill also contribute to the total
amount of water percolating below the root zone. The
deep percolation ratio is intended as a quantitative
measure of irrigation performance and does not in-
clude precipitation and thus may not represent all the
deep percolationthatoccurs.

(eq. 4-23)

DPR = Yar _ Ve
vV, V.tVytVi (eq. 4-24)

Tailwater ratio—The tailwater ratio is the fraction
ofirrigation water appliedtothefieldthatrunsoffas
tailwater:
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TWR=Varo Vo
Vin Vrz + Vdp + V W

i (eq. 4-25)

Example—A furrow-irrigated setconsistsof 27 fur-
rows spaced 30inches apart with a furrow length of
1,320 feet. At the time that the irrigation event was
begun,thesoilmoisturedeficitwas4.3inches. The
estimated leaching requirement was 0.4 inches. Each
furrow had aninflow of 13 gallons per minute for 24
hours. The distribution of infiltrated water depth along
thefurrowlength wasasfollows:

Furrow .05 .15 .25 .35 .45 .55 .65 .75 .85 .95
length, /L
Infiltrated 6.2 6.0 5.8 5.6 54 5.1 4.8 4.3 3.7 3.0
depth (in)

Whatarethevaluesofthevariousefficienciesand
uniformities for this irrigation event?

In most field evaluations, the volume of tailwater will
be measured. The exception is for the case of basins
orblocked-end borders where runoffisrestricted. The
volume oftailwaterisnot given and mustbe com-
puted.

Thefirst stepistoestimate the total volume of water
that has infiltrated the soil from the data above. One
wayistodetermine abestfitlinethroughthedata,in-
tegrate the function, and multiply by the furrow spac-
ing(2.5ft) andlength. Anotherissimplytoaverage the
depths, multiply by the furrow spacing and then by the
total field length. The result of a sophisticated numeri-
calanalysisisatotalintakeof 1,366 cubicfeet, and
that of simple averaging is 1,372 cubic feet.

The volume of inflow to each furrow was 13 gallons
per minute for 24 hours, which translates to 2,502
cubic feet. Therefore, the total tailwater is

2,502-1,366=1,136 ft

orthe TWRfromequation 4-251s0.454 0r 45.4 per-
cent.

The next question is, how much deep percolation oc-
curred? Analysesbased onanumerical procedure are
very helpful for this computation since a partial inte-
gration is necessary. The deep percolation graphically
canbeestimated, aswell. Usingthe more elaborate

analysis, the intake profile is integrated between 0 and
990feet at which point theintakeislessthanthesoil
moisture deficit and assumed that no deep percola-
tionoccurs. Thisyieldsatotalintake over the portion
of field where deep percolation occurs of 1,226 cubic
feet, of which 886 cubic feet are captured in the root
zone. 990 43 (2.5) 3

¢ )L12J=886ft

Thetotal estimated volume of deep percolationis,
therefore, 340cubicfeet(1,226ft>~886ft>), or

340
DPR=___ -136%

2,502
(eq. 4-24)

Thetotalintakein thelast 330 feet of furrow canbe
calculated similarly and should equal about 140 cubic
feet making the total water stored in the root zone
1,026 cubic feet (140 + 886). Therefore, the application
efficiency, E,, from equation 4-21is

E - 1,026

a

=41%
2,502 (eq. 4-21)

Thesumofapplicationefficiency, E_, thetailwaterra-
tio, TWR, and the deep percolationratio, DPR, should
total to 100 percent.

Iftherootzone hadbeen completely refilled, the
volume there would have been 1,183 cubicfeet (4.3
inx 1,320t % 2.5ft). Since only 1,026 cubic feet was
stored, the storage or requirement efficiency, E, from
equation 4—221s

(eq. 4-22)

Thedistribution uniformity, DU, cannow be solved
from equation 4-23 as

(140

DU=(4)L1366F41'

0%
(eq. 4-23)
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Thisisavery poorirrigationand would be acandidate
for much better management and/or design. However,
someimprovementinthenumbersatleastispossible
by including the leaching in the evaluation. An ap-
proximate volume ofleaching can be found by assum-
ingleachingoccurs wherever deep percolation occurs,
inthiscase, overthefirst 990feet of the furrow. The
volumeofleachingis, therefore:

VL:O.4(990)(%) =82.5ft’

The irrigation efficiency from equation 4-20 is

(1125 +82.5)

E = =48.3%

' 2502 (eq. 4-20)

(5) Water measurement and control
Oneofthe simplest and yet most important concepts
in surface irrigation can be described mathematically
as:

Q,T,=DA (eq. 4-26)
where:
Qp =total flow delivered to the field
T, =total time the flow Qis delivered to the field
D =depthofwaterappliedtothefield
A =areaofthefield

Asanexample,ifitrequires a flow of 10 cubic feet per
second for 48 hours toirrigate a field of 40 acres, the
depththatwillbe applied willbe about 12inches. The
flowratedelivered toafieldiscriticallyimportantin
two respects. First, the surface irrigation system is
highlysensitive tothe flowbecauseitdetermineshow
fastorslow thefield willbeirrigated. Secondly, the
efficient surface irrigator must judge the effectiveness
of the management by planning a target depth of ap-
plication for each irrigation and then assessing the per-
formance of the system asitoperates. Inboth cases,
asignificantdifferencebetween theflownecessaryto
apply the appropriate depth in the planned period and
the actual flow delivered will adversely impact the ef-
ficiency and uniformity of the surface irrigation. Flow
measurement is vitally important in surface irrigation.

The NRCS uses the Water Measurement Manual of
the Bureau of Reclamation, U.S. Department of the
Interior as its water measurement guide (NEH, sec-
tion 15, chapter 9). This manual is also available from

your stateirrigation specialist, I'T personnel, orcanbe
downloaded directly from the Bureau of Reclamation’s
Web site.

(c) Field evaluations

(1) Standard field evaluation procedure
Thebasicobjective ofasurfaceirrigationfield evalu-
ationistoestablish awaterbalanceforthefieldand,
thereby,identify each of the componentsnecessary to
determine the efficiencies and uniformities noted in
equations 4-20 through 4-25. Standard practices are
developed in other NRCS manuals and are not re-
peated herein detail. However, based onrecent expe-
rience, a number of simplifications and modifications
can be suggested.

Flow shape—To estimate flow depths, it is necessary
to describe the shape of the flow cross section. For
borders and basins, this shape is generally assumed to
beawiderectangularsheetthatcanbeevaluated by
examining a unit width within the border or basin. In
furrowirrigation, however,itisnecessarytodescribe
the actual shape so that relationships between depth
and area and/or wetted perimeter can be calculated.

Furrow shapes are nearly always irregular, but can
be described using a series of power functions. The
following analysis uses the Manning’s equation as the
primary relationship between depth, slope, cross sec-
tion, andflow.

An expression relating wetted perimeter, WP, can be
defined as a function of flow depth, y, as follows:

WP=y y"
! (eq. 4-27)

where:
v, andy, = numerical fitting parameters

Both wetted perimeter and depth should be expressed
in feet. Similarly, a function of cross-sectional area, A,
insquarefeet, and depthinfeet canbe expressed as:

A=cy™
1 (eq. 4-28)

Braesepgaip g ando, aggppmgrisakiiiingparam-
width, T
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— Cmh
T=Cchxy (eq. 4-29)

Ithasbeenfoundthatfor mostfurrowsthehydraulic
section can be defined as:

4
A’R? =p A™ (eq. 4-30)
in which:
10 4y,
P~ 5 3o, (eq. 4-31)
and,
m’P
o3 °
pl = 4
,Y 3
! (eq. 4-32)

Thevaluesofy,,c,,and Cchareequal tothe unit

widthused todescribethe flow. The parameter p,
equals the unit width squared. The values of y,, 6,

Cmbh, and p,forbordersandbasinsare0.0,1.0, 0.0,
and 3.33, respectively.

Usingthe English form of the Manning’sequation, the
cross-sectional flow area at the field inlet, A in square
feet,canbe determinedforanyflow,Q,incubicfeet per
second and field slope, S , greater than about 0.00001.

. |T(o.4529)(Q3)(nz)1|

' |L (S" )(pl)
|

(eq. 4-33)

If the field has a slope less than 0.0000 H, then inlet
area, A ,willincrease asthe advance proceeds down
thefield and mustberecomputed for each advance
distance. For this case, the value of the field slope, S,
is replaced in equation 4-35 by:

y[)
S =
- (eq. 4-34)
where:
y, =depthofflow at the field inlet, ft
x =advancedistance,ft

Figure 4-28illustrates the basic border/basin and fur-
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of the furrow, Y

max

;base width, Base; top width at
theY . depth, T . ;andfurrowwidthatadepthof
Y, ./2, T iq- Theunitsof Y, ., T, ...and T, ,,arefeet.

max’

The values of the furrow geometry,y,y,c,ando
12 1 2

canthenbecalculated:
|:Base+ " +(T -Base) + /iz +(T -T )‘—|—|
log |imlx mid max max mid _!
Base + /Y +(T -Base)
Yy = \v THaX T
’ log2
(eq. 4-35)
[ 5 2]
L Base+\/YmaX +(Tmid - Base) +\/Yn3ax +(Tmax i Tmid) J
a Yo,
(eq. 4-36)
Y, (Base Tmax]—’
- +
1 | 9 mid |
gy [Base T y |
c = L 2 2 2 ) |
2 10g2
(eq. 4-37)
Figure 428 Cross-sectional shapes for furrow and
s border/basin irrigation
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Y, T.)
(Base T
2 mid 2

.
szax

(eq. 4-38)

(eq. 4-39)

Cmh

Y max (eq. 4-40)

Advance and recession—Most general evaluation
proceduresrecommendthatadvanceandrecessionbe
measured at several points along the field. However,
these data donotprovide sufficientinformationtojus-
tify the added labor associated with the evaluation and
certainly not the problems associated with trafficking
within the field. The readings that are most important
are those shown in the advance-recession graph in
figure 4-29, namely:

o start time
e timeofadvancetothefield midpoint
e timeofadvance

e time of cutoff

Figure 4-29 Field measurement points for advance and
s recession evaluations in the field

A Time of I'ECGSSIOFIX

P

o

Time of advance —y

Time since irrigation started

¢U2

Distance from field inlet

@
il

e timeofrecessionatthefieldinlet

e recession time at the field midpoint
e time ofrecession

As a practical matter, the start time, time of advance,
andrecessiontimeareallavailablefromtheinflow
and outflow hydrographs if the field is free draining.
Blocked-endfields willrequire the recession time tobe
noted when the ponded water vanishes.

Two simple equations of advance and recession can be
developed. Forthe advance trajectory, a simple power
relationshipisusually sufficient:

r

x=pt, (eq. 4-41)
in which:
L
log| 5L,
r=
tL
log| *
Ltf’LJ (eq. 4-42)
and,
L
p =
! (eq. 4-43)
where:
x =distancefromthefieldinlettotheadvancing
front, ft
t, =time from the beginning of irrigation until the

advancing front reaches the point x, min
t 5, = time from the beginning of irrigation until the
advancing front reaches the field mid point, min
t, = advance time, min
L =fieldlength,ft
p, r =fitting coefficients

The value of L/.5L.would be a constant of 2if the read-
ing was taken at exactly the midpoint. But, in practi-

cality, thisis very difficult. A more common practiceis
to take the readings general locations of 0.4L and 0.9L.

Therecessiontrajectorycanberepresentedbyaqua-
dratic function:
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- L. .
t, =h+ixx+jxx (eq. 4-44)
in which:
h=t, (eq. 4-45)
2T e C 2
i=™ tL_téL_qtd(\m ‘1) , wherem = L
Lkm 'm) T
(eq. 4-46)
t -t —ixL
j= L
12 (eq. 4-47)
where:
T

s =time of recession at a distance x from the field
inlet, min

bty = time of recession at the field inlet, sometimes
called the time of depletion, min

E-5L =time of recession at the field midpoint, min
t

=time of recession, min

The intake opportunity time, t, at any point x is defined as:

t=t -t (eq. 4-48)

The Surface user manualillustrates how touse the
software tocalculate advancerecession curves for
field evaluation using field data.

(2) Infiltration

Notonlyisinfiltrationoneofthe mostcrucialhydrau-
lic parameters affecting surface irrigation, but it is also
one of the most difficult parameters to assess accu-
rately in the field. The importance of knowing the infil-
tration function todescribe the hydraulics of a surface
irrigation event, along with the inherent difficulties in
obtaining reliable estimates of this parameter, means
that the investigator should expect to spend consider-
able time and effort in assessing infiltration before pro-
ceeding with the design of a surface irrigation system.

Inthepast,thethree mostcommonly employed
techniques for measuring infiltration were cylinder
infiltrometers, ponding, and inflow-outflow field mea-
surements. For furrow irrigation, the blocked furrow
methodhasbeenused, whilea morerecenttechnique
is the flowing or recycling furrow infiltrometer

(fig. 4-30).

Volume balance equation—An alternative to mak-
ing individual point measurements of infiltration is to
compute a representative intake from advance, reces-
sion, and the tailwater hydrograph, if available. This
involves a two-level iterative procedure. Assuming a
furrow configuration for purposes of demonstration,
the first level uses a volume balance computation.

1

(1+r)

60 *
Q,t, =0,A x+0,Kt x+ Ft x+Cx

(eq. 4-49)

where:

Q, =inflow per unit width or per furrow at the up-
stream end of the fieldin ft3/s

t, =timesinceinflow wasinitiated,inmin

o, = surface flow shape factor

Figure 4-30 Flowing furrow infiltrometer
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A, =flowcross-sectional area at the flow’s upstream

endattimet,,in ft?

x =the distance from the inlet that the advancing
fronthastraveledint minutes,inft

o, =subsurface shape factor described by
a+r (1 - a) +1

(eq. 4-50)

where:
r =exponentinthepoweradvanceequation4—41

The value of o, isgenerally assumed tobe constant
with values between 0.75 and 0.80. However, its value
actuallychangeswith field slope, flow shape, slope
ofadvancetrajectory,andfieldlength. At the time of
the writing of this manual, no general guidelines were
available for selecting avalue of _except that to as-
sumeithasaconstantvalueof0.77. Atemporary esti-
mationisprovided asfollows, but usersofthismanual
shouldbeawarethatnew informationwill providea
better approximation in the future.

Theflowvelocity at theadvancing front whenithas
reached thefield midpointcanbefoundby differenti-
ating equation 4—41 and then dividing the result by the
average velocity at the inlet to define a dimensionless
velocity.

dx
oodt rpt™
VEL = VL: Q'sL
A, (eq. 4-51)

and whenthe advancehasreachedthe end of thefield

dx
. dt. rpt”
\7L = _V'X_ = QL
A, (eq. 4-52)

Thevalue of o,atboth the midpointand the field
length can then be estimated as:

0.778

. —
‘x:ovsl. 1+ 0_3638_12‘01“‘ (eq 4—53)

0.778

d

x=0.5L, 1+ 0363e *12-07V.5L (eq 4—54)

Volume balance estimate of Kostiakov a, K, and F —
Data from the field evaluation will have defined Q,

(andythergfens) Aphaaichawhsirfedtatiharefots:
L 5L y
theintake parametersa,K,and F (ora, k, f,andcif
the border/basin evaluation is being conducted). The
value of the cracking term c or C, must be input sepa-
rately,ifitisknown. Solving for theseinequation 4—49
provides the methodology for evaluating the average
infiltration function along the length of a field using
basic evaluation data.

As noted, the procedure for finding intake param-
etersareiterative. The steps are asfollows for furrow
systems specifically and are the same for border/basin
systems with the appropriate intake parameters. Note
that the software accomplished these steps interac-
tively as demonstrated.

Step 1 Assume an initial value of F, to be zero.
Equation4—49canthenbesolvedforany distance
fromthefieldinlettodefinethe volumebalance
at any time during the advance phase, but perhaps
thetwomostimportantarethedistancefromthe
inlet to the field midpoint and to the end of the
field. Doing so, but consolidating known termson
the right-hand side yields the following two vol-
ume balance expressions:

1
Qt —-c A L- FtL
Kij = —t—d gy b,

(eq. 4-55)

and

(Qgi L Gyéox:ﬁ[; LFotﬁL('SL)
Kt D
. l+r =1

z 5L — 5L 5L

(eq. 4-56)

Takingthelogofboth equations providesadefini-
tionofaand K.
(1)

log| |

I, ktAsL)

a= t
log|7L|
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(eq. 4-57)
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Thenriscomputed fromequation4-37tofindo,
fromequation 4-50. Then Kisfoundby substitu-
tion back into equation 4—72:

K — L

2 (eq. 4-58)
Step 2 Select 10to 20 pointsalongthefield
length, including the inlet and field end, and com-
pute the depth of infiltration at each point using
equation 4-19 (the Kostiakov—Lewis equation)

with the a, K, and F | parameters available from

step 1 along with the intake opportunity time,
7,fromequation 4-48. Then determinethe

total volume of infiltrated water.

Step 3 The total volume of infiltration computed
instep 2shouldequal the volumetricdifference
between the inflow and outflow hydrographs
forfree draining systems or the totalinflow for
blocked end systems. Thisisunlikely forthefirst
iteration unlessthevalueof F isindeed theas-
sumed value. Generally, the volume of infiltration
calculatedinthefirstiteration willbe toolow,and
F_willneed tobeincreased. If F isinitially set to
zero and the resulting volume of infiltration from
steps 1 to 3is too low, the valuesofa, K,and I

areas good asthe volume balance can provide. A
revised value of F  should be made based on the

errorintheinfiltrated volumeandsteps1,2,and

3 repeated using revised values of the Kostiakov-
Lewis parameters. When the least error is pro-
duced,thebestestimateoftheaveragefieldintake
hasbeenmadewiththevolumebalance method-
ology. Turn to the Surface user manual for and
exampleofusingthe softwaretodeterminethe
volume balance methodology.

Adjusting infiltration for furrow wetted perimeter—
Three situations exist that may require an adjustment
oftheinfiltration parametersa, k,andf ora, K,and
F,.Thefirstis when values from tables 4—4 through
4-Tneedtobeadjusted todistinguishbetween fur-
row and border/basin infiltration rates independently
oftables 4—-8 through 4—11. The second case occurs
where intake coefficients might be modified and where
one wishestodelineate the effects of wetted perim-
eter variations along a furrow. The basic argument

for not making this adjustment is that simultaneous
adjustments must also account for varying roughness
and cross section, both of which tend to minimize the

(210-VI-NEH, September 2012)

effect of wetted perimeter. The third case occurs when
the furrow infiltration coefficients have been defined
using furrow advance data (and derived from one
value of inflow, slope, length of run, etc.), but then the
simulation or design analysis is based on a different
values of field parameters. This is the most important

of the three possible reasons for adjusting infiltration
coefficients since improving simulation or design capa-
bilities inherently implies field definition of infiltration.

The infiltration coefficients K, a, and F in tables 4—4
through 4-7 and equation 414 are defined for fur-
row irrigation at a specific discharge and, therefore,
aspecificwetted perimeter.Ifthe simulated flow1is
significantly different from the discharge where in-
filtration is defined, the intake coefficients should be
adjusted. Although there are a number of studies that
have examined ways to adjust infiltration for wetted
perimeter, most require a substantially more rigorous
treatment of infiltration than can be accommodated
here. Consequently, a relatively simple adjustment is
used. Using equations 4-27, 4-28, and 4-30, the wetted
perimeter can be extracted and defined for the flow
where the coefficients are determined.

yz
(0.4529-Q* o,
—_— P2

y Infilt n2
B 3600
WPInfﬂt 1 1:'|Y
s he!
o 1
\ ) (eq. 4-59)

where:
Q5 = flowwheretheinfiltration coefficients

have been determined in ft*min
WP, s = corresponding wetted perimeter, ft

Then the coefficient £isdefined as:

_|_We, ]
WPInﬁlt _]

g
(eq. 4-60)

where:

WP, = actualwetted perimeteratthefieldinlet

Then the Kostiakov-Lewis equation is revised by multi-
plyingthe KandF, parameters by ¢
1

Z=E[Kt +Ft] (eq. 4-61)
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General comment—The adjustment of infiltration

for wetted perimeter variation along the furrow has
beendebated overtheyears. Ononehand, the wetted
perimeterisknowntovary alongthefurrow withthe
decreasing flow and should be adjusted accordingly at
each computationalnode.Thisconceptistechnically
correctasfarasdischargevariationisconcerned but
elies also on the assumption that hydraulic roughness
and cross section are constant along the furrow, an
assumption thatisknowntobe weak. Theotherside
of the argument is that two other important param-
etersarevaryinginafashionthatcompensatesforthe
diminishing discharge along the furrow. The roughness
increases along the furrow as the effects ofless water
movementproducesless smoothing ofthe furrow sur-
face, thus increasing wetted perimeter. Also, with less
flow along the furrow, the flow cross sectionisless
eroded, therefore, less efficient. The result is that wet-
ted perimeter remains nearly constant over a substan-
tiallength of furrowin spite of discharge reduction.
This assumption was made in nearly all early versions
of surfaceirrigation models. Reportafterreport shows
this to be adequate.

Another important issue in this regard is the spatial
variability of infiltration and roughness. A number of
studies have shown that measurements of roughness,
K, a,and F willexhibit a great deal of variationovera
field. The analysis above assumes the values input will
be representative of nearly average values for the field.

623.0402 Design processes

Thevast majority of design effortsinthe surface
irrigation arena willbe devoted tomodifyingorfine
tuning systems already in place rather than develop-
ing entirely new systems. Perhaps a more descriptive
term wouldberedesign. Onecanreadily see different
designobjectivesinthe two views of surfaceirrigation
design. The focus of new system designis to create a
workable, profitable, and effective system. The focus
of redesign or design modification is conservation of
water, labor, soil, and capital resources.

Thecontextofthissectionisredesigning surfaceir-
rigation systems for improving their performance. The
term designwillbe usedin the discussion and exam-
plestobeconsistent with historical practice.

(@) The objective and scope of surface
irrigation design

The surface irrigation system should replenish the root
zonereservoir efficiently and uniformly socrop stress
isavoided. It should provide a uniform and effective
leaching application when needed. Occasionally, it
may need to be capable of meeting special needs such
asseedbed preparation, cooling, frost protection, and
chemigation. It may also be used to soften the soil for
better cultivation or even to fertilize the field and ap-
ply pesticides. Resources like energy, water, nutrients,
andlabor shouldbe conserved.

The design proceduresoutlinedin the following sec-
tionsarebasedonatargetapplicationdepth, -
which equalsthe soil moisture extracted by the crop
between irrigations. The value of z,,, is equivalent to
thesoilmoisturedeficit. Designisatrialand error
procedure. A selection oflengths, slopes, field inflow
rates, and cutofftimescanbe madethatwill maximize
efficiency and uniformity for a particular configura-
tion. Iterating through various configurations provide
the designer with information necessary to find an
optimum design. Considerations such as erosion and
water supply limitations will act as constraints on the
design procedures. Many fields will require a subdivi-
siontoutilize thetotal flow available within a period.
This is ajudgment that the designer must make after
weighing all other factors that are relevant to the suc-
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cessful operation of the system. Maximum efficiencies,
theimplicit goal of design, will occur when the least-
watered areasofthefield receive adepth equivalentto
Zyo,- Minimizing differences in intake opportunity time
will minimize deep percolation and maximize unifor-
mity. Surface runoffshould be controlled or reused.

The design intake opportunity time is defined in the
following way from equations 4—17 and 4-18:

Z.,=Kt +Ft +C, forfurrows

T

z,, =kt +ft. +c,

T reg 0 “reg

forbordersandbasins
(eq. 4-62)

where:
Z]req = required infiltrated volume per unit length and
perunitwidth orper furrow spacing

broq = design intake opportunity time
Inthecasesofborderandbasinirrigation,Z,, isnu-
merically equal to z,,.. However, for furrow irrigation,
the furrow spacing must be introduced toreconcile
Z,.,andz, . asfollows:

7 =z W
req req

(eq. 4-63)
where!
w =furrow to furrow spacing

Whether the irrigation specialist is designing a new
surface irrigation system or seeking to improve the
performance of an existing system, the design should
bebased on careful evaluation oflocal soil, topogra-
phy, cultural, and climatic conditions. The selection
of system configurations for the projectis, infact, an
integral part of the project planning process.

In either case, the data required fall into six general
categories as noted in 623.0400.

e nature of irrigation water supply in terms of
the annual allotment; method of delivery and
charge for water; discharge and duration, fre-
quency of use, and the quality of the water

e topography of the land with particular empha-
sison majorslopes, undulations, locations of
water delivery, and surface drainage outlets

e physical and chemical characteristics of the
soil, especially the infiltration characteristics,

moisture-holding capacities, salinity, and inter-
nal drainage

e cropping pattern, its water requirements, and
special considerations given to assure that the
irrigation system is workable within the har-
vesting and cultivation schedule, germination
period, and the critical growth periods

e marketing conditions in the area, as well as the
availability and skill of labor; maintenance and re-
placement services; funding for construction and
operation; energy, fertilizers, seeds, and pesticides

e cultural practices employed in the farming
region, especially where they may constrain a
specific design or operation of the system

(b) Basic design process

Thesurfaceirrigation design processisaprocedure
to determine the most desirable frequency and depth
of irrigation within the capacity and availability of the
water supply. This process can be divided into a pre-
liminary design stage and a detailed design stage.

(1) Preliminary design

The operation of the system should offer enough flex-
ibility tosupply water tothe cropinvariable amounts
and schedules and thereby allow the irrigator some
scope to manage soil moisture for maximum yields,
aswell as water, labor and energy conservation, and
changes in cropping patterns. Water may be supplied
on acontinuous orarotational basisin which the flow
rate and duration may be relatively fixed. In those
cases, the flexibility in scheduling irrigation is limited
bywateravailability or towhateach farmeror group
of farmers can mutually agree upon within their com-
mand areas. On-demand systems should have more
flexibility than continuous or rotational water sched-
ules and are driven by crop demands. During prelimi-
nary design, the limits of the water supply in satisfying
an optimal irrigation schedule should be evaluated. It
is particularly important that water measurement be
an integral component of the water supply and that it
iscapableofprovidingthe appropriate depthof water
to the field as indicated by equation 4—26.

Thenext step in the design processinvolves collect-
ing and analyzing local climate, soil, and cropping
patterns to estimate the crop water demands. From
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this analysis, the amount of water the system should
supply through the season can be estimated. Compar-
ingthenetcrop demandswith thecapability of the
waterdelivery systemtosupply wateraccordingtoa
variable schedule can produce a tentative schedule.
Whichever criterion (crop demand or water availabil-
ity) governs the operating policy at the farm level, the
information provided at this stage will define the limita-
tions of the timing and depth of irrigations during the
growing season.

The type of surface irrigation system selected for the
farm should be carefully planned. Furrow systems are
favored in conditions of relatively high bi-directional
slope,row crops,and smallfarmflowsand applica-
tions. Border and basin systems are favored in the
flatter lands, large field discharges, and larger depths of
application. A great deal of management can be applied
where flexibility in frequency and depth are possible.

(2) Detailed design

The detailed design process involves determining the
slope of the field, the furrow, border, or basin inflow
discharge and duration; the location and sizing of
headland structures and miscellaneous facilities; and
the provision of surface drainage facilities either to
collect tailwater for reuse or for disposal.

Landlevelingcaneasilybethe mostexpensiveon-
farm improvement made in preparation for irrigation.
Itisaprerequisite for thebest performance of the sur-
face system. Generally, the best land leveling strategy
isto do aslittle as possible, such as to grade the field
to a slope that involves minimum earth movement. Ex-
ceptionswillbenecessary whenotherconsiderations
dictateachangeinthetypeofsystem, say,basinirriga-
tion, andyield sufficient benefits tooffset theadded
costoflandleveling.

Ifthefield hasa general slopeintwo directions, land
leveling for a furrow irrigation system is usually based
on a best-fit plane through the field elevations. This
minimizes earth movement over the entire field, and
unlessthe slopesinthedirection normal tothe expect-
ed water flow are very large, terracing and benching
would not be necessary. Zero cross slope is preferred
forborders although as much as 0.10-foot cross slope
perborderissometimes allowed. Methods of deal-

ing with cross are leveling, contouring or slanting the
borders to fit the slope, orin severe cases, terraces
mayberequired. Theborderslopeisusually thebest-

fitsub-planeorstrip. Basins, ofcourse, arelevel, such
asnoslopeineitherdirection. Terracingisrequired
in both directions. When the basin is rectangular, its
largest dimension should run along the field’s smallest
natural slope to minimize leveling costs.

Field length becomes a design variable at this stage
and, again, there is a philosophy the designer must
consider. In mechanized farming, long, rectangular
fieldsarepreferabletoshort,squareones. Thisnotion
is based on the time required for implement turning
and realignment.

Thenext step in detailed design istoreconcile the
flowsand timeswith thetotal flow anditsduration
allocated tothefield fromthe water supply. Onsmall
fields, the total supply may provide a satisfactory
coveragewhenusedtoirrigatethe wholefield simul-
taneously. However, the general situation is that fields
mustbebrokenintosetsandirrigated partbypart,
such as, basin-by-basin or border-by-border. These
subdivisionsorsetsmustmatchthefieldanditswater

supply.

Once the field dimensions and flow parameters have
been formulated, the surface irrigation system must
be described structurally. To apply the water, pipes
orditcheswith associated control elements mustbe
sized for the field. If tailwater is permitted, means
forremoving these flows mustbe provided. Also, the
designershould give attentiontotheoperationofthe
system. Automation will be a key element of some
systems.

The design algorithms used are programmed in the
NRCS Surface software discussed in section 626.0402.
This section demonstrates the design and improve-
ment processes.

(c) Basic design computations

The difference between an evaluation and a design

is that data collected during an evaluation include
inflowsandoutflows, flow geometry,length and slope
ofthefield, soilmoisture depletion,and advance and
recession rates. The infiltration characteristics of the
field surface canthenbe deduced and the efficiency
and uniformity determined for that specific evaluation.
Design procedures, on the other hand, utilize infiltra-
tion functions (including their changes during the sea-
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son and as flows change), flow geometry, field slope
andlengthtocompute advanceandrecessiontrajec-
tories, the distribution of applied water, and tailwater
volumes. The design procedures also determine effi-
ciencies and uniformities. However, the design process
canbeapplied to many morefield conditions than an
evaluation to determine efficiencies and uniformities
through the use of the surface irrigation simulation
models, such as NRCS Surface and WinSRFR.

(1) Field characteristics
The geometry and topography of a surface-irrigated
field may be described by the following parameters:

+ fieldlength and width
+ field cross slope

+ field system—border/basin or furrow irrigation
(furrow spacing referstothe spacingbetween
adjacentirrigated furrows. When alternate
furrows are irrigated, an unused furrow lies
betweentheirrigated furrowsandisnotcon-
sideredinthe definition of furrow spacing.)

* downstream boundary—free draining or
blocked

Manning’s roughness n values—first and later
irrigations

+ field slopes—three slope values in the direction
of flow

Field geometry—the basic geometry of the field in-
cludesitslengthorthedistance waterwillrun, its
width and cross slope, the type of surfaceirrigation
system, a unit width or furrow spacing, and the nature
ofthe downstream field boundary. The field’scross
slopeisnotusedinsurfaceirrigationdesignbutis
neededtodesignthe headland pipesorditchesused to
apply irrigation water to the field. These parameters
are normally considered constant within each field
design area.

Design simulation procedures evaluate the hydraulics
of the irrigation over a unit width. Typically, the unit
width forborder andbasin simulationis 1foot, but
can be other dimensions if desired. Whatever value
that is selected must be consistent with the simulated
unitflow.Inother words, ifthe unit widthis 2.5 feet,
thesimulated unitflow mustbethe dischargeontothe
borderorbasinthatflows withinthiswidth. For fur-

row design, simulation is used to evaluate the charac-
teristics of the flow in a single average furrow.

Manning’s n—One of the most important consider-
ations in surface irrigation evaluation and design is the
changesthatoccuronthefield surface asitisirri-
gated. Newly tilled soil is usually hydraulically rougher
thansoil surfacesthathavebeen smoothed by the flow
of water during irrigation. On the other hand, surfaces
such as borders and basins may become hydraulically
rougherascropdensity and sizeincrease.

Freshly constructed furrowstypicallyhavenvaluesof
about 0.03 to 0.05, depending on the soil aggregation.
Previously irrigated furrows without crops growing in
the furrow itself will have substantially lower n values.
Measurements have been reported where these n val-
ues havebeen aslow as 0.015. Inthe absence of more
detailed information, it is probably sufficient to use
annvalueof0.04forfirstirrigations and 0.02forlater
irrigations, but the user has an opportunity to apply
judgment where necessary.

TheManning’snvaluesforbordersandbasinsvary
overamuch wider range than they do for furrows, pri-
marily because they are affected by the crop and the
geometryofitscrown. Afreshlytilled and prepared
border orbasin with abare soil surface probably has
annvalue aboutthe same asforfurrows, 0.03t00.05.
After initial irrigations and before substantial crop
growth, then value maybe aslowas 0.15t00.20, but
later asthe waterisimpeded by the crop, the n values
canbeashigh as0.80for acroplike an alfalfa-grass
mix. Some suggested starting values for n are:

0.04 Baresoil
* 0.10 Small grains (drilled lengthwise)
* 0.15 Alfalfa, mint, or broadcast small grains
+ 0.20 Alfalfa, dense oronlongfields

* 0.25 Densecropsorsmall grain drilled cross-
wise

Field slope—The Surface software is capable of simu-
lating fields with acompound slope (fig. 4-31). Up to
three slopes canbe located in the field by two distance
values. When thefield hasonlyoneslope, the same
value needs tobe entered for all three slopes and both
distancevaluesshouldbesettothefieldlength.
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Afield with two slopes can be defined by setting the
second and thirds slopestothe same value and the
second distance to be the difference between the field
length and the first distance.

Input data for design—The interactive design process
normally requires inflow controls, field topography/ge-
ometry, and infiltration characteristics. There are then
five specialinputsforthe design process:

* total available flow

* total time flow is available

* maximum nonerosive flow velocity
* design flow per unit width

* design cutoff time

Total available flow—The field water supply is defined
byits discharge, duration, and frequency of availability.
For design purposes, the total available flow should be
the maximum available to the field. This value should
be arelatively reliable maximum since the field configu-
ration will depend on this flow for efficient operations.

In many cases of surface irrigation, the available flow
from the delivery system will not efficiently irrigate the
entirefield atonetime,or withoneirrigation set. The
field must be partitioned into sets which are irrigated
sequentially. Thenumberofsetsdependsonthetotal
availableflowasfollows:

N~ QWL

QwR, (eq. 4-64)

where:
N, =numberof setsrequired toirrigate the field

W, = width of the field
w =unitwidthinthesameunitsasW;
Q =total available flow

Q, =designflowinthe same units as Q,,
L =lengthofthefield
R;, =runlengthinthe sameunitsasL

Asanexample, supposethefieldis2,361feetin width
and shouldbeirrigated by furrows spaced at 3-foot

intervalsand with aunitflowof24 gallonsperminute.
Thefieldis 1,180feetlong, but willbe subdividedinto
590-footlongfurrows. Ifthe available flow to thefield
152,376 gallons per minute, thenumber of sets will be:

(24 gpm))(2,361 ft)(1,180 ft)
Ne= 23T epm) B RGO E)

16 ft
(eq. 4-65)

Total time flow is available—Depending upon the
operationpoliciesofthedelivery system, there may
bealimiton thetime the flow will be made available
tothefield. Forinstance, many systemsoperateona
rotational delivery scheme where the field can receive
water every 7to 21 days for a fixed number of hours.
Suppose the set time or the timerequired by each set
tocompletelyirrigateitis4 hoursor 240 minutes. The
time needed to irrigate the entire field is:

Figure 4-31 Field surface slope
——

Flow

Field Surface Slope

l4—— 1st distance 2nd distance

x1 x2
| |
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Distance from field inlet
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T,= (NS)(tCO) = (16 sets)(4 hr/set) =64 hr

(eq. 4-66)
where:
T, =totalrequiredtime
t_ = cutoff time for each set

co

Therequiredtotal timetoirrigatethefieldhastobe
lessthantheactual totaltimetheflowisavailable, or
else, the field must be irrigated at different times.

Maximum velocity—To prevent erosion, the designer
will need to place an upper limit on flow velocity over
thefield. Thislimit maybe aslow as 30 feet per minute
for erosive soils to as high as 75 feet per minute if the
soilis quite stable. The actual velocity overthefield
willbe highest atthefieldinletand willdepend on the
unit discharge, field slope, and field roughness.

Generally, erosive velocity is more of a concern in
furrow irrigation than in border irrigation. It is gener-
allynotaconcerninbasinirrigation exceptnearthe
delivery outlets. Typical values of maximum velocity
forfurrow systemsareshowninthetable4—12.

Design flow—The performance of surface irrigation
systems 1s highly dependent on the unit discharge,
thus, this parameter may be the most important man-
agement parameter either the designer or irrigator
considers. Unitflowsthataretoosmalladvance slow-
ly and canresultin poor uniformity and efficiency, as
well as excessive deep percolation. Flows that are too
high mayresultinlow efficiencies due to excessive
tailwater or downstream ponding; although, the unifor-
mities will typically be high.

Table 4-12  Typical values of maximum velocity

——

Soil type Suggested maximum nonerosive
velocity in ft/min

Fine sands 30

Sandy loams 36

Silt loams 39

Clay loams 49

Clay 75

In an interactive design process, the designer searches
for a design flow that maximizes efficiency subject to
alowerlimiton adequacy. For example, one may wish
to find the flow that maximizes irrigation or applica-
tion efficiency while ensuring that at least 95 percent
of the field root zone deficit has been replaced by the
irrigation.

Cutoff time—Shutting the flow off when irrigation
iscompleteisone of the mostimportantoperational
parameters in surface irrigation and one that is often
most difficult to determine. Many irrigators choose
convenient cutofftimes, also called set times, to
reduceirrigating time or move the delivery from setto
set at easily scheduled times.

Designed cutofftimesshould be anintegerfraction
of aday and hourly. Forinstance, one could have 1-,
2-,3-,4-,6-, 8-, and 12-hour set times in 1 day. Setting
acutofftimeof252 minutesisnormallyunworkable
without automation. Under severe water supply con-
straints, many irrigators manage their water on inter-
vals that are highly variable and often at intervals of
much less than an hour.

(2) Fieldlayout

In many situations, the fields are irregularly shaped.

It maybenecessary to partition the field into two or
more separately managed units to achieve a square or
rectangular layout. In other cases, it may be necessary
todesignforasinglefielddimensionlikethe average
runlengthorasetofaveragerunlengthscorrespond-
ingtothe dimensions of the expected setlayout. Itis
always good practice toevaluate the extreme condi-
tions such as the maximum and minimum run lengths
to anticipate the management problems the irrigator
willface.

There are five basic surface irrigation design problems:
o free-draining systems
e Dlocked-end systems
e free-draining systems with cutback

o free-draining systems with tailwater recovery
and reuse

o surgefl systems

Thephilosophy ofdesign suggested hereistoevalu-
ateflowratesand cutofftimesforthefirstirrigation
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following planting or cultivation when roughness
andintakeareattheirmaximums,aswellasforthe
third or fourth irrigation when these conditions have
been changed by previous irrigations. This will yield
adesign that will have the flexibility to respond to the
varying conditions the irrigator will experience during
the season. All of the specific data required for design
were enumeratedin 623.0401.

Free-draining surface irrigation design—All surface
irrigation systems can be configured to allow tailwater
runoff. However, this reduces application efficiency,
may erode soil from thefield, or cause similar prob-
lems associated with degraded water quality. There-
fore, it is not a desirable surface irrigation configura-
tion. However, where waterisinexpensive, the costsof
preventing runoff or capturing and reusing it may not
be economically justifiable to the irrigator. In addition,
pondedwaterattheendofthefieldrepresentsaseri-
oushazard to productionifthe ponding occursover
sufficient time to damage the crop (scalding).

Furrow irrigation systems normally allow the outflow
of tailwater. Tailwater outflow from border systems is
lesscommonbutremainsatypicalfeature. Asarule,
tailwater runoff is not a feature included in basin ir-
rigation except as an emergency measure during high
rainfall events or when the irrigators overfill the basin.
The design algorithms are for free-draining field condi-
tions apply primarily to furrow and border systems.

The basic design procedures for free-draining systems
involve eight steps:
Step 1 Identify the field control point.

Step2 Determinetherequiredintake opportunity
time (¢,,)-

Step 3 Select a unit flow and compute the ad-
vance time (t; ).

Step 4 Compute the cutoff time.
Step5 Evaluate uniformity and efficiency.

Step 6 Iterate steps 1through 5untilthe optimal
system is determined, usually on the basis
of maximum irrigation efficiency subject
toalower limit on storage efficiency.

Step 7 Repeat the design computation for the
laterirrigation conditions.

Step 8 Configure the field into sets that will ac-
commodate the water supply.

Step 9 Determine how to uniformly apply water
using pipes, ditches, and controls.

Attheendofthisprocedure, the designer should
consider whetherornotthefield geometry should
bechanged, reducingtherunlength,forexample,or
perhaps targeting a different application depth. Since
thedesigncomputationscanbe made quickly,thede-
signer should examine a number of alternatives before
recommending one to the irrigator.

Thelocationofthefi  control pointis where the
minimum application will occur. In free-draining fur-
rows, thispointis at the downstream end ofthe field.
Inborders, the field control point may be at eitherend
ofthe field depending on the recession processes and
cannot be determined until the irrigation regime is
simulated by a modeling software like Surface. The
cutofftimeis approximated by the sum of the required
intake opportunity time, bregs and the advance time,
t;,forfurrows. Recession can usuallybeneglectedin
furrow irrigation if the design computations are being
mademanually. Forborders, thecutofftimeiseither
of two conditions:

e whenthedifferencebetweentherecession
time (t;) and the advance time (t; ) equals
therequiredintakeopportunity time (rre q)
for the case where the field control pointis at

the downstream end of thefield; or

¢ whentherecessiontime atthefieldinlet (or
depletion time) equals the required intake
opportunitytimeinthecasewherethefield
control pointisatthefieldinlet.

There are volumebalance procedures for accom-
plishing the free-draining design process, and they
work reasonably well for furrow irrigation. They can
beused forfree-drainingborders, buttherecession
computations are inaccurate. Consequently, it is not
recommended thatvolumebalancebeusedindesign,
but rather the hydrodynamic features of the NRCS
Surface software or a similar program such as the
WinSRFR software. The Surface user manual con-
tains an example of how to use the software to simu-
late and design a free draining furrow.
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(3) Blocked-end surface irrigation design
Blocking the end of basin, border, or furrow systems
provides the designer and operator with the ability to
achieve potential application efficiencies comparable
with most sprinkle systems. While blocked-end fields
have the potential for achieving high efficiencies, they
alsorepresentthehighestrisktothe grower. Even
asmallmistakeinthecutofftimecanresultinsub-
stantial crop damage due to the scalding associated
with prolonged ponding on the field. Consequently, all
blocked-end surface irrigation systems should be de-
signed with emergency facilities to drain excess water
from the field.

Figure 4-32showsthefourstagesoftypical blocked-
end irrigation. In figure 4-32(a), water is being added
tothefieldandisadvancing. Infigure4—32(b),the
inflow has been terminated and depletion has begun
attheupstreamendofthe field while the flow at the
downstream end continues to advance. This is impor-
tant. Typicalfield practicesforblocked-end surfaceir-
rigation systems generally terminate the inflow before
theadvancephasehasbeencompleted.

Infigure4-32(c), the depletionphasehasendedatthe
upstream end, the advance phase has been completed,
and the residual surface flows are ponding behind the
downstream dike. Finally, in figure 4-32(d), the water
pondedbehindthefielddikehasinfiltrated orbeenre-
leased, and the resulting subsurface profile is uniform
alongtheborderandequaltotherequiredortarget
application.

The dilemma for the designer of ablocked-end surface
irrigation system is in determining the cutoff time. In
practice, the cutoff decisionis determined by where
theadvancingfronthasreached. Thislocationmaybe
highly variable because it depends on the infiltration
characteristics of the soil, the surface roughness, the
discharge at the inlet, the field slope and length, and
the required depth of application. Until the develop-
mentandverificationofthezeroinertiaorhydrody-
namic simulation models, there were no reliable ways
topredict the influence of these parameters or to test
simple design and operational recommendations.

Figure 4-32  Stages of a blocked-end irrigation
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One simplified procedure for estimating the cutoff
timeisbased onthe assumptionthatthefield control
pointisatthefieldinletforblocked-end systems. By
settingthefield control pointatthe upstreamendof
thefield, the cutofftimeis approximated by thein-
take opportunity time, t , q and is independent of the

advancetime, t; . The specific cutoff time, t, , may be
adjustedfor depletion asfollows:
t =«xt
e red (eq. 4-68)

where kisasimple fraction thatreducest, suffi-
ciently to compensate forthe depletion time. Asarule,

kwouldbe 0.90 for coarse textured sandy and sandy
loam soils, 0.95 for medium textured loam and silty
loam soils, and 1.0 for clay and clay loam soils.

Thevolume of water the designer would like to apply
tothe field is as follows:

Vi =vz,, WL (eq. 4-69)
where:

V,eq= volume of waterapplied

y = efficiency/leaching factor

Z,,, = depthof waterrequired

w =widthofareairrigated

L =length of area irrigated

The yis greater than 1.0 to allow for some deep perco-
lationlosses (leaching). If, for instance, the value of w
is1.0footand with Land z,, alsoinfeet, thenV,, is

in cubic feet. If a blocked-end system could apply Vieq
uniformly, it would also apply water with 100 percent
application efficiency. Although a blocked-end system
obviously cannot do so, the designer should seek a
maximum value of efficiency and uniformity. Since
equation 4—-68 represents the best first approximation
tothatdesign,itisatleastthestartingpointinthe
design process.

Giventhattheinflowwillbeterminatedatt, ,the
inflow rate must be the following to apply Ve tothe
field:
\%
_req
Q,= "
o (4-70)

The procedure for selecting t,, and Q, for blocked-end
systems given above is very simple yet surprisingly

reliable. However, it cannot work in every case and
needstobechecked by simulatingtheresults withthe
Surface software. The risk with the simplified proce-
dureisthatsomeofthefield willbe under-irrigated
and using equation 4—70 to select a flow rate rather
thanamorerigorousapproachwillbeconservative.

(4) Design procedure for cutback systems

The concept of cutback has been around for a long
time. Arelatively high flowisused atthe startofan
irrigation to speed the advance phase along, and then
areduced flow is implemented to minimize tailwater.
As a practical matter, however, cutback systems have
neverbeenverysuccessful. Theyarerigiddesignsin
the sensethat they can onlybe applied to one field
condition. Thus, fortheconditionthey aredesigned
forthey areefficient, but asthefield conditionschange
betweenirrigationsor from yearto year, they canbe
very inefficient and even ineffective. One adaptation of
theconceptwasthecablegationsystem. Anotherwas
the development and adaptation of surge flow. Both
haveprovided aflexible method of applying the cut-
back concept although the complexity of cablegation
1s problematic.

The NRCS Surface software does allow one to simulate
the conceptual cutback regime for both continuous and
surgefl  systems. Cutback irrigation involves a high
continuous fl  until the advance phase is nearing com-
pletion or has been completed, followed by a period of
reducedorcutbackinfl  prior to the time of cutoff.
The concept of cutback is more applicable to furrow ir-
rigationsystemsthanbordersystems. The Surface user
manual contains an example of how to use the software
tosimulateanddesignacutbacksystem.

(5) Design of systems with tailwater reuse
The efficiency of free-draining surface irrigation sys-
temscanbegreatlyimproved whentailwatercanbe
captured andreused. Ifthe capture andreuseistobe
applied to the field currently being irrigated, the tail-
waterreusedesignissomewhat morecomplexthan
the procedure for traditional free-draining systems
because of the need to use two sources of water. The
majorcomplexity of reuse systemsisthe strategy for
recirculating the tailwater. One alternative is to pump
thetailwaterback totheheadofthefielditoriginated
fromtoirrigate some partofthefield. Or, water cap-
tured from one field can be reused on another field. In
any case, the tailwater reservoir and pumping system
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need tobe carefully controlled and coordinated with
the primary water supply.

A return-flow system provides for the temporary
storageofagiven amountofwaterandincludesthe
pumping equipment and pipeline needed to deliver the
water back into the application system. The sequence
system generallyhasapumpandonlyenough pipeto
convey the water tothe head ditch of the next field.
Thefarm often can be planned so thatthereisenough
elevationdifferencebetweenfieldstoapply the runoff
water toalower field in sequence by gravity. Recovery
systemscanalsobeclassified according towhether
they accumulate and store runoff water. Systems
storing collected runoff water arereferred toasres-
ervoir systems. Systems that immediately return the
runoff water require little storage capacity. They have
automatically cycled pumping systems and are called
cycling-sump systems. One or more typesof systems
may be applicableto a given farm. A sumpisused
wherelandvalueishigh, watercannotberetainedina
reservoir, or water ponding is undesirable. Dugouts or
reservoirsare morecommon and are easily adapted to
storage and planned recovery of irrigation tailwater. A
reservoir system collects enough watertobe used as
anindependentsupplyorasasupplementtotheorigi-
nal supply. The reservoirsize depends on whether col-
lected water is handled as an independent supply and,
ifnot,ontherate wateris pumped forreuse. A smaller
reservoirisrequiredifthe systemisused for cutback
irrigation. When a dugout is used, it should have the
capacitytostorethetailwaterfromacompleteirriga-
tion set. The pump capacity depends on the method or
schedule of reuse planned.

Thecycling-sump system consistsof asump anda
pump large enoughtohandlethe expected rate of
runoffthatentersthesump. Pumpoperationiscon-
trolled automatically by a float-operated or electrode-
operated switch and should be capable of pumping 40
percent of the initial water supply. This system has the
disadvantage that wateris applied intermittently, mak-
ing efficient application rather difficult.

The size, capacity, location, and selection of equip-
mentforthese systems are functionsofthe main
irrigation system, the topographic of the field or fields,
and the farmer’s irrigation practice and desires.

Experiencesuggeststhatthe costsof water from tail-
water recycling can be as much as 10 times the cost of

water from an irrigation company or irrigation district.
Further, therecycling system canbe so difficult to
manage and maintain that irrigators abandon them. To
resolve these and related problems, it is suggested that
recycling be very simple; irrigate the field it originates
from primarily, and not be mixed with the primary
supply, but rather irrigate a portion of the field inde-
pendently.

Toillustrate the design strategy for reuse systems, a
manual design procedure for this simple configuration
ispresented. An example using the Surface software
todesignatailwaterreuse systemisalsofoundinthe
Surface user manual. A typical reuse system shownis
schematically in figure 4-33 and is intended to capture
tailwater from one partofthefield and irrigate one of
the sets.

Ifthe surface runoffis to be captured and utilized on
anotherfield, thereservoir would collect the runoff
fromthensetsoffigure 4-33 and then supply the
watertotheheadlandfacilitiesofthe otherfield. This
requires a larger tailwater reservoir, but perhaps elimi-
nates the need for the pump-back system.

Inthe simplestcase of runoffreuseonanindependent
partofafield, thedesignisthesamewhetherthetail-
wateriscollected andreused ontheoriginating field
oron anotherfield. Thefollowing procedure deals
with reuse on the originating field.

Step 1 Compute the inflow discharge per unit
width or per furrow and the time of cutoff for a
free-draining system that achieves as high an ir-
rigation efficiency as possible without recycling.
This discharge is a reasonable trade-off between
thelossestodeep percolationandtailwaterand
willtend tominimizethesizeofthetailwater
reservoir.

Step 2 Evaluate the subdivision of the field into
sets that will accommodate the total available flow
andtheduration ofthe supply.

Step 3 Compute the total runoff volume per unit
widthorperfurrow,V, fromtheoriginatingfield.

Step 4 Computethenumberoffurrowsorunit
widthsthatcanbeirrigated fromtherecycledtail-
water and the number that will be irrigated with
the primary supply.
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V.N
N="—"+Qt)
(v (eq. 4-71)
where:
N, =number of unit widths or furrows that can be
irrigated by the reuse system
N =total unit widths or furrowsin the field
Q, =1inflow flow rate
t., = time of cutoff
Q, =inflow flow rate

t., = time of cutoff

where:

F_, =field widthin feet

N, =number of furrow or unit widths to be irrigated
by the main water supply

w =theunitwidth or furrow spacinginfeet

Step 5 Steps1through3shouldthenbere-
peated with an adjusted field width equal to the
actual width, F, minusthe width of the field tobe
irrigated with the recycled tailwater, N w.

Step 6 Theapplication efficiency, E, of this

a

system is:
F-Nw) 2 F.L
Np = Ea =100 N
w (eq 4—72) Qotco P (eq 4_73)
Figure 4-33 Schematic tailwater reuse system
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Step 7 The maximum volume of the tailwater
reservoir would be equal to the total volume of re-
cycledtailwater, Nontco, ifthereusesystemonly
operates after the primary supply has been shut
offordirected to anotherfield. A smallerreservoir
ispossibleiftherecycling canbeinitiated some-
time during the irrigation of the main sets. Unless
land is unavailable, the simplest system uses the
maximum tailwater storage.

Step 8 Thetailwater duringlaterirrigations may

notbe greater than during the initial irrigations.
However, performing the design for bothisneces-
sary since the capacity of the tailwater reservoir
willbedictated by the maximum runoff.

(6) Design of surge flow systems

Several factors need to be determined when designing
a surge irrigation system. These factors include posi-
tioning of the surge valve, estimating beginning furrow
stream size, determining number of surge cycles, and
determining surge on-times.

Positioning of the surge valve—The positioning of
the surge valve will largely be determined by preexist-
ing field properties. An ideal situation would be when
the water supply, or irrigation well, is located near the
middleofthepipeline.Inthiscase,thevalveislocated
withequalland areaoneachsideofthevalve. How-
ever, most situations require the water to be brought
to the proper location using mainline pipe. An alterna-
tivetolocatingthevalveinthe middle ofthe pipeline
wouldbeto placethevalve atthe water source. This
still requires extra mainline pipe. Forirregular shaped
fields, there are two methods of placing the valve. The
firstmethodistoplacethevalvesothatthereisan
equalamountofacresoneachsideofthe valve. With
thisoption, thecycletimes arethe same foreach side
ofthevalve, butthenumberofrowsirrigatedforeach
set is indirectly proportional to the furrow length for
thatset. Forexample,ifthe furrowlengthis500feeton
theleftset,and 1,000feetontherightset,there would
be half as many furrows irrigated per set on the right
side. The second methodis toplace thevalveinthe
middle of the pipeline and have different cycle times
for each side of the valve. The goal for this method is to
applythe sameamountofwatertoeachset.

Determining stream size—The stream size for the
advance phase of surge irrigation should be the maxi-
mum nonerosive stream size to advance the water
through the row as quickly as possible. Thereisnoone
best method for determining stream size. But NRCS
fieldexperienceovertheyearshasprovidedseveral
rules of thumb that will give a beginning value that can
beadjustedinthefieldorbysimulating with software
models. One such method for the advance phase
stream size is the following equation.

Q=(0.02)(L) (eq. 4-74)
where:
Q = stream size in gallons per minutes
L =furrowlengthinfeet

However,theupperlimitforanonerosive streamsize
underthebest slopesand soiltypesisaround 40 gal-
lons per minute. Another equation determines the sug-
gested cutback stream size. The stream sizeforused
after water hasadvanced tothe end of the furrow

(C)(L)(B)

Q =
96.95 (eq. 4-75)

where:

Q =stream sizeforcut-back phase (gpm)
L =furrowlength(ft)

B =furrow spacing (ft)

C =intake family (in/h)

Determining number of surge cycles—The number of
surge cyclesrequired to advance water to the end of
thefurrowisestimatedby thefurrowlength. For fur-
rowsup toa quarter of a mileinlength (1,320 ft) the
estimated number of cyclesisbetween 3and 5. For
furrows longer than a quarter of a mile, the beginning
numberofsurgesisbetween4and 7. Thisvalue will
need field adjustment and/or simulation using model-
ing software such as Surface.

Determining surge cycle time—There are two critical
design and operational rules for surge flow systems.
First, the surges applied to the field during the ad-
vance phase should not coalesce; advance front of one
shouldnotcatchup and merge with a preceding surge.
The second ruleisthat at the end of advance when
cutback or soakingis desirable, the opposite should be
facilitated, and each surge should coalesce.
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Coalesceisthe term used to describe the condition
wherethecurrentsurgeofwatermeetsandoverruns
the preceding surge before it has fully infiltrated.

The hydraulics of surgesthat donotcoalesce behave
very much like the hydraulics of continuousflow

at the same discharge; however, the hydraulics of
coalesced surgesbehave very much like a cutback
discharge. The meanstoexpediterapidadvanceto
minimize deep percolation are in the same irrigation
managementregime, aswellasan effectivewayto
implement cutback to minimize tailwater runoff during
the soak cycle.

Determining surge advance phase on-times—The
cycletimeisthe sum ofanon-time and an off-time
that donot need to be equal. The ratio of on-time to
thecycle timeisthe cycleratio. Cycle timescanrange
fromaslittle as 1 minute during a cutback phaseto

as much as several hours in low-gradient borders and
basins. Cycle ratios typically range from 0.25 to 0.75.
By regulating these two parameters, a wide range of
surge flow regimes canbe produced toimproveirriga-
tion efficiency and uniformity. There are two methods
beingused for advance phaseon-time. Oneistousea
constant cycle time each surge, advancing water over
less new distance for each surge. The otheristo use
avariable on-time for each cycle. The idea is to adjust
the time sothat a constant distance of unwatered fur-
row is covered with each surge.

Most commercial surge flow valves and controllers
have two features that can improve the application
efficiency of surge flow substantially above that
achieved with a series of fixed cycles. The firstis the
ability tousea variable on time fortheadvance phase
cycles. With the variable on-time each cycle can be ad-
justed tobelonger or shorter than the preceding cycle.

Thesecond ofthesefeaturesistheability toinitiate a
cutback or soaking phase once the entire furrow has
beenwetted. Thisisaccomplished by reducingthe
cycletimessufficiently sothat surge coalescing occurs
withinthe furrow.Asarule,thecycletimeduringthe
soakingphaseshouldbe 10 minutesorless.

Oncethebestsoaking phaseon-timehasbeen

achieved, the surges should be continued until the
desired application depth is achieved. Because the
surges have decreased the infiltration rate this will

require a longer time than was previously used with
conventional irrigation methods.

Without spending hours in the field, the best set time
may be hard to determine. One of the best waysisto
simulate the field using modeling software such as
Surface. See the Surface user manual for an example
ofasurge system design.

(d) Distribution system

The on-farm water conveyance portion of afurrow

or corrugation irrigation system consists of all the
ditches, conduits, structures, and outlets necessary

to deliver the water from the supply source tothe
individual furrows whereitistobe applied. The water
conveyance system should be located sothat all sec-
tions are convenient for operation and maintenance. A
properly designed underground pipeline requires the
least maintenance and labor. The distribution system
shouldbe designed to:

* deliver the required quantity of water to each
segmentofthe furrow orcorrugationatan
elevation that permits proper operation of the
system

* beaccessibleforoperationand maintenance
beflexibleinoperation

convey the water aseconomically, efficiently,
andsafelyaspossible

notpermitexcesslossintransit

include facilities for water measurement

The planned layout of the distribution system should
besuchthattailwaterrecoverycanbereadilyincor-
porated when the system is installed. Other potential
uses, such asdistribution of livestock waste onthe
field, should alsobe considered when makingthe sys-
temlayout. Costisamajorfactorindeterminingthe
kindof distributionsystemtouse.Itisalsoimportant
in the system layout. The system should be planned
so that the minimum amount of ditch and/or pipeline
servicesthe entire area and sothat the cost of support-
ing structures is minimal. The system includes either
farm ditches or pipelines in conjunction with related
structures for conveyance, grade control, water distri-
bution, measurement, and application to the field.
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(1) Farm ditch

Irrigation ditches are open channels used to carry ir-
rigation water to or part way toits point ofuse. Small,
inadequate ditches without proper control structures
and maintenance probably cause more trouble in oper-
ating a furrow irrigation system than any other factor.
Inporoussoils, unlined ditcheslose considerable
quantities of water by seepage. This loss frequently ac-
counts for 25 percent or more of the water delivered to
theconveyancesystem. Vegetationalongaditchcon-
tributes to water loss through transpiration. There is
potentialfor damagetothedistributionsystemifopen
ditchesarelocated where they are accessible to live-
stockortovehiculartraffic. Open,unlined ditchesin
permeable soils can also cause waterlogged areas. Lin-
ingis an effective way to control seepage and prevent
ditcherosion. Concreteliningshave proved the most
satisfactory type over a period of years. Permanent
ditches may, however, obstruct the use of farm equip-
ment. Since the quantity of water needed for most
farm irrigation systems is small enough to be carried
in a pipeline, surface or underground pipe generally is
recommended instead of surface irrigation ditches.

(2) Pipelines

Irrigation pipelinescanbe placed onthe surface or
underground. Portable surface pipe has an advantage
overunderground pipeinthatitcanbe moved and
used in more than one location. The disadvantages are
thatlaborisrequired to movethe pipe anditis more
susceptible to damage. Pipeline delivery systems may
consist of acombination of buried line and surface
pipe.Aburied mainline mayextendfromthe water
sourcetoindividualfields and surface pipe maybe
used for the field main. This permits moving the sur-
face pipe tootherfields. The buried main can also ex-
tendintothefieldsasafield mainandhaverisersand
valves appropriately spaced to deliver water to surface
ditchesorgated pipe. The pipe size should limitthe
velocity to about 5 feet per second.

(8) Related conveyance structures

Ifopen ditch systems are used to deliver water to a
furrow ox corrugation system, frequently, it is neces-
sary to provide some type of structure to carry the
water across depressions or drains and under roads
or other obstructions. Flumes, inverted siphons, and
culverts are the structures most commonly used.

Flumes—Flumes are artificial channels supported by
substructures that carry water across areas where

ditchesarenotpractical. They mustbelarge enoughto
carrythefulldischarge ofthe ditch and the substruc-
turesmustbe strongenoughtosupportthechannel
when it is filled with water.

Inverted siphons—Inverted siphons are closed con-
duits that carry water under depressions, roads, or
other obstructions.

Culverts—Culvertsareclosed conduitsinstalled at
ditch grade and axecommonly used tocarry waterun-
der farm roads. They are usually corrugated metal, but
theycan alsobe concrete pipe. Where the ditch grade
is so steep that the design flow would have an erosive
velocity, some protective structure, such asadrop
spillway ox pipe drop, mustbe used. These structures
controlditch velocity by abruptlyloweringthe water
level. Apipedrophasanadvantageinthatitcanalso
serveasaditch crossing.

(4) Distribution structures
Distribution-control structures are required for easy
and accurate distribution of irrigation water to the
various fields on afarm or to various parts of a field.
They may consist of division boxes to divide or direct
the flow of water between two or more ditches, checks
that form adjustable dams to control the elevation
ofthe water surface upstream sothat watercanbe
diverted from the ditch, or turnout structures to divert
partoralloftheirrigation streamto a selected portion
of the irrigated area.

(e) Headland facilities

Water supplied to the surface irrigation system is
distributed ontothefield by variouscombinationsof
head ditches or pipelines equipped with outlets such
as gates, siphons, spiles, and checks. Some of these
are illustrated in 623.0400 and collectively are known
as headland facilities.

The design of surface irrigation headland facilities
should satisfy three general criteria.

o Water supply to the system must be distributed
ontothefield evenly.

e Capacity of the headland facilities must be suf-
ficient to accommodate the supply discharge.

e Headland facilities should prevent erosion as
theflow emergesontothe fields.
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Itisnot necessary for the individual outlets to be cali-
brated and capable of measuring flow,but they should
be adjustable enough to regulate the outlet flows.

(1) Head ditch design

Anumberofstandardsand manualsexistforthede-
signofopen channels, and these should bereviewed in
designing surface irrigation head ditches. This part of
the NEH doesnotreplacethese documents,butpres-

ents a few simple tools and guidelines for the design of
head ditches.

Head ditches come in various configurations, lined and
unlined, and equipped with different ways to divert
water onto the field. Some of which are shown in
figure 4-34.Thesecanbedesigned, asfarascapacity
is concerned, with the Manning’s Equation Calculator
found on the Field Characteristics panel of the input
tabbed notebook of the Surface software.

Therearethreegeneral criteria foreffectivehead ditch
design. Thefi  isthatfl sideslopesarebetterthan
steep ones. When the head ditch is diked-up to allow
the diversion of water onto the fi ditches with f1
sideslopeshavegreaterstoragecapacity atthehigher
ponded depths. Mostsmallhead ditcheshave slopes
ranging from 1:1 to 1.5:1.

The second criterion for head ditch designisthat the
ditchcapacityshouldcarrythedesignfl  attwo-thirds
ofthe constructed depth when it is not diked up for irri-
gation. This will allow offtakes such as spiles and ditch
gates to be located above the water level in the areas of
thefi  notbeing currently irrigated.

The third criterion is that the maximum depth in the
ditch should not exceed 90 percent of the constructed
depth. This criterion will come into focus as the ditch
1sdiked to divert water onto the fi therefore, the
designof offtakesshould be such thatthetotalfl  can
be diverted without exceeding the 90 percentlimit. The
remaining 10 percentoftheditch depthisfreeboard
andisnecessary as a safety measure. The Surface
software program may be used to design head ditches
aswellas several other programs. The Surface user
manual contains an example using the Manning’s Equa-
tion Calculator to design head ditches.

(2) Sizing siphon tubes and spiles
Siphontubesand spilesact as simple orifices. Forthe
purposeofdesign, minorlossesattheirentrance and

frictionlosses are assumed tobenegligible. The de-
signofthese devicesinvolveschoosing a diameter that
willaccommodate the necessary flow. There are two
conditionsthattypically existin the operationofthe
siphons and spiles. The first is when the downstream
end of the siphon or spileis submerged by the water
levelin the field (fig. 4-34b). The second condition oc-
curs when the downstream end discharges freely into
theair(fig. 4-34aand 4-34c). Thehead on these struc-
turesshouldbethe typical differencebetweenthe
operationallevel ofthehead ditch and eitherthefield
waterlevel orthe centerline of the freely discharg-
ingspileorsiphon. Table4—13providesguidelinesfor
selecting siphon and spile diameters as afunction of
maximum discharge and head.

For an example, use a furrow flow of 22.5 gallons per
minute. Table 4-13 illustrates that when the head on
the siphonorspileisbetween2and 11inches, a2-inch
tube diameter shouldbe selected. Iftheheadis 11
inchesor greater, the tube diameter can be reduced to
1.51inches.

Anotherexamplewouldbeaditchthathasawater
elevationof2.7feetisusedtoirrigate afieldthathas
elevationof2.0feet. The diversion from the ditch
istobe accomplished by siphon tubes, and assume
furthertheelevationofthe watersurfaceinthefield
isequaltothenon-diked waterelevation. Theheadon
the siphons would, therefore, be the maximum water
surfaceelevationintheditch, at a depth of 2.7 feet,
minusthefield elevationofthefield watersurface, at
about 2 feet, or 0.7 feet, or about 8 inches. From table
4-13, 6-inch siphons would carry about 350 gallons per
minute, and would require 13 such siphons to divert
the 10 cubic feet per second (4,490 gpm) ditch flow. A
betterandlesslaborintensive solution would beeither
largerditch gatesorcheckoutlets.

(3) Sizing small ditch gates

Small ditch gates (fig. 4-34) typically have round
entrancesand maybe flush with the ditch side or
recessed and vertical. The conduit through the ditch
bermisalsocircularasaruleand submerged atthe
field side, making the offtake a submerged orifice.
Commercialsizesfrom 2to24inchesareavailable.
For6inches and smaller, the designisthe same asfor
siphons and spiles.
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Figure 4-34 Typical surface irrigation head ditch configurations
|

(a) Border/basin siphons (b) Furrow siphons

F—

(c) Border/basin check outlet (d) Border/basin gate
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Table4-13 Recommended siphon and spile sizes for surface irrigation systems

Nominal
pipesize,
m

0.5

Flow, gpm

in 12345 6/78|9/1012/14/16/18 20 25 30|35 40 45 50 55/60 6570 75/80/85 90 95100125(150200250300350400450500550600650)

(4) Sizing check outlets and large ditch gates
Figure 4-34(c) shows a typical check outlet. They are
usually equipped with simple slide inserts to close the
openingwhennotinusealthough manycheckoutlets
aresituated abovethewaterlevel ofthenormal water
flowintheditch. Theseoutletsnormally operated at or
nearafreeflow regime;therefore, theirflows are de-
pendentonlyonthewaterlevelintheditch. The head
ontheseoutletsisdefined asthe difference between
thewaterelevationintheditch and theelevation of
thecheck crest.

Table4—14 givesthe suggested minimum diameter gates
for full open and completely submerged conditions.

The sizing of large ditch gates, like the border/basin
gates illustrated in figure 4-34(d) can be considered
similarlytocheckoutlets: whenatthe maximum flow,
the gate itself is raised above the water surface. Unlike
small ditch gates, the large gates are almost always
rectangularin shape.

4-58

Table4-15givesthesizing ofcheck outletsandlarge
ditch gates.

Figure 4-35 Typical head-discharge curve for gated pipe
essss——— outlets

General head-discharge relation
for gated pipe outlets
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Head, ft
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Table4-14 Recommended ditch gate sizes for surface irrigation systems

Flow, gpm

580859.095 0.0L

Table4-15 Recommended check outlet and large ditch gate sizes for surfaceirrigation systems
—

Flow, ft¥/s

Opening
width
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(56) Gated pipe design

Generally, gated pipe is used for furrow irrigation, al-
though, in some cases, it hasbeen used for border and
basin systems. Most borders and basins require larger
flows than would normally be available through gated-
pipe systems. Gated pipe is available in aluminum,
rigid plastic (polyvinyl), andlay flat (polypipe) from
various manufacturers. Aluminum pipe is available

in 5-inch, 6-inch, 8-inch, 10-inch, and 12-inch diam-
eters. Polyvinyl gate pipe is usually available in 6-inch,
8-inch, 10-inch, and 12-inch. Lay-flat gated pipeis
available in the same sizes, as well as 9-inch, 15-inch,
16-inch, 18-inch, and 22-inch.

The designofgated pipeinvolvesthree steps:
Step 1 choosing a pipe material
Step 2 selectionandlocationofthegatedoutlets
Step 3  selection of the pipe size

Other programs like PHAUCET may assist in the de-
signofgated pipe and polypipe. For moreinformation,
contact your state water management personnel.

Step 1 Choosing a pipe material—In selecting a
particular type of irrigation gated pipe, irrigators
must balance their needs against the cost, avail-
ability, operation, and maintenance of aluminum,
rigid plastic, and lay-flat pipe.

Aluminum-gated irrigation pipe has been used the
longest for furrow irrigation. Itis the most expen-
sive gated pipe, butonethathasthelongest useful
life (10to 15 years) when proper maintenance

is applied. Aluminum-gated pipe typically costs
about 50 percent more than polyvinyl and three
timesasmuchasthelay-flatgated pipe.Itiseasy
tomoveandinstall, and sinceitis suppliedin 20-,
30-,0r40-footlengths, itiseasy tostore and clean.
One of the disadvantages of aluminum-gated pipe,
asidefromitshighinitialcost,istheleakage from
the pipe joints when maintenance is not adequate.
Once the gates are installed, the flexibility of
alternative furrow spacing is reduced, as well. The
sizes of aluminum pipe are somewhat restricted
with the most generally available sizes being 6-, 8-,
10-,and 12-inch diameters.

Polyvinyl-gated pipe is rigid like the aluminum
pipe, easy to install, and maintain, but will not be
as rugged as aluminum, therefore, it should not
have the expected life. It does, however, have a

lowerinitial costs and a wider range of sizes. Polyvi-
nyl-gated pipe can be obtained for same size of pipe
asaluminum, butfor 15-and 18-inch sizesonspecial
order. One disadvantage is the weight. Eight-inch
andlarger sizes are harder to move due to weight
and will require intensive labor when moving.

Lay-flat plastic gated pipe has become very popu-
lar in many locations in recent years. Its initial
costis low, and it may only be useable for one or
twoseasons.Itisthedisposablealternativeto
aluminum and polyvinyl pipe and comes in wide
rangeofsizes, 5to22inchesin diameter. Lay-flat
plasticgated pipeisavailableinrollsof several
hundred feet rather than the 20- to 40-foot lengths
oftherigidpipe. Thus,itiseasiertoinstalland
remove,is more susceptibletotearsand punc-
tures, and is very difficult to remove sediments
from the pipe duetoitslength. The offtakes can
beinstalledinthefield with simpletoolsandthen
replaced with inexpensive plugs if the spacing
needstobechangedforothercrops. Thelay-flat
gated pipeis the mostflexible in termsof use.
Lay-flat tubinghas two additional disadvantages.
First, the pressure head that it can accommodate
1s substantially below the value for the rigid pipes,
andsecond,itisgenerally necessarytoprevent
the pipefrom moving betweenirrigations dueto
wind.

Step 2 Selectionandlocationofgatedoutlets—
There are several gates used in gated pipe. They
rangefromslide gatestosimpleplugs,andthe
discharge characteristics depend on their size and
shape. Figure 4-35 shows a typical head discharge
curve forfully openslide gates andis presented
forgeneralguidance.Indesignpractice,itis
necessary to know the specific characteristics of
the gate actually used in the pipe. Figure 4-36 is
intended tobe an approximate tool that canbe
used to size the gated pipeitself.

Preceding any design of the headland facilities,
the design of the field system must be completed
so the unit flows and times of cutoff are known.
Then, from figure 4-35, the operating head on the
fully open gate can be determined, which corre-
sponds to the design unit flow (furrow flow). This
istheminimumdesignheadinthegatedpipe.The
flow from gates closer to the inlet end of the pipe
will require regulation by adjusting the gate open-
ing. Finally, gatesshouldbespaced alongthe pipe
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atthe samedistanceasthefurrowspacingeven
when alternate furrows are irrigated.

Step 3  Selection of pipe size—The design of
gated pipereliesonseveral pieces of information.
From the field design, the unit or furrow discharg-
esareknown along with the total flow available to
thefield. The water supply tothefield should also
becharacterized byitsenergyorheadatthefield
inlet. Thisinformation mayneedtobe developed
from the elevation of the water source if com-

ing from a canal or ditch, or from the pressure in
the main supply pipeline, if otherwise. If the field
cannot be irrigated in a single set, its subdivisions
shouldalsobeknown. Thisinformation will es-
tablish the length of gated pipe segments. Finally,
thefield topographyshouldyieldtheslopealong
which the gated pipe will belaid (fig. 4-36).

Forpurposesofdesign, thedischargeinthe gated
pipeis assumed tobe the total field supply flow, even
thoughflow diminishesalongthepipeasflowsare
diverted through the outlets. This assumption is made
toensurethepipediameterisadequateinthereaches
that are simply conveying water to the irrigating loca-
tion. The hydraulics of the pipe are described by the
Bernoulli equation:

hf L
Hinlet - 1T.O+ (EL end —ELinlet )+Hmin

(4-76)

Figure 4-36 Exampleofgatedpipelayoutwithhead
control box

= total head (pressure plus velocity) at the
inlet end of the gated pipe, ft

H . = minimum head at the end of the pipe neces-

sarytodeliverthe design unitflow, ft

L = length of the gated pipe, ft

EL, 4 = elevation ofthe end of the gated pipe, ft
EL; . = elevationofthe pipeinlet, ft

h; = friction gradientin the pipe, ft/100 ft

Equation4—76 canbe solved forh,as:

Hinlet - (ELend - ELinlet ) _H

min

h =
f L

100 (eq. 4-77)

Withacomputed value ofh;, the designercanselect
the proper pipe diameter from table 4—16.

Example gated pipe design — Given a field that is
1,180feetlongand2,362feetwide. Thefield design
forinitialirrigationscalled for 18setstobeorganized
by subdividing the length into two parts and the width
intonine parts. Thecrossslopewas0.0001. Thedesign
furrow flowis22.5gallons per minute, and the total
flow is 2,362 gallons per minute.

Supposethisfieldistobeirrigated by a gated-pipe
system supplied by a buried pipe mainline (fig. 4-37),
inwhich thebasicsupplyentersthefieldina 1,500-
foot pipe from the upperleft hand corner, traverses
tothemiddleofthefield width, then turns 90degrees
andextendstothe midpointofthefieldlength. The
supply pipe connects to a canal offtake in which the
water elevation is 15 feet higher than the 90 degree
turn. Optimally, the pressure head at the 90 degree turn
should be 6 feet.

Aconservative estimate of the frictionlossin the
supply pipecanbedeterminedfromequation4—-76by
usingthecanalfree surface asthereference point.

0-(0-15feet) -6
= =0.61t/100ft
1500/100

| supply pipe

(eq. 4-78)
Fromtable4-16,itcanbeseenthata2,400gallonsper

minute flow with a 0.6 foot per 100 foot friction gradi-
entcanbe conveyed with a 16-inch pipe.
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Table 4-16 Recommended gated pipe diameters for various friction gradients
|

Head
loss,
t/100 ft

0.01
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50

2~75-----------------------
S b D | | [ | [ | | | [
el L T e | [ [ | [ [ | | ]

1,000
1,200
1,400
1,600
1,800
2,000
2,200
2,400
2,600
2,800
3,000
3,200
3,400
3,600

(=3 (=3 (=3
(=} (=1 (=1
= e8] [=2)

221in

18in

16in

350 MR ]
o (]
Gate

_pipe 6in 8in 10in 12in
diameter
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Thepressureheadatthe 90degreeturnintothefield

is 6feet. Threevalves are situated at the upperend of
thefieldtoregulateflow totheleftandrightbranches
of the gated pipe, as well as to control to the lower
section. Atthe midsection of the field, a two-wayvalve
canbe located to shift the flow into the right or left
branches. Thegated pipesectionsextendineitherdi-
rectionfor 1,180feet. From figure 4-35, aflow of22.5
gallons per minute will require a head of about 0.6 feet.
Thefriction gradient computed from equation 4—77 for
the pipes running uphill is:

6 —(0+0.0001 x 390) — 0.6

h, = 390 =1.375ft/100ft

100

(eq. 4-79)

Fromtable4—-16,the gated pipeshouldbeatleast 16
inches in diameter. Generally, pipe this large could
only be supplied as lay-flat plastic tubing.

It may not be desirable to use large diameter, lay-flat
gated pipe. Toreduce the diameterand allow the ir-
rigator a choice between aluminum, PVC, and lay-flat
pipe, the main supply pipesneed tobe reconfigured.

Figure 4-37 shows an alternative design in which the
gated pipelayoutissubdivided toreduce the size
ofthe pipe.Inthiscase, the supply pipesstillcarry

the entire 2,400 gallons per minute and are the same
diameterasabove. There arenearly 1,200feet more of
these pipes, however. The individual gated pipes are
nowonly 390 feetlong. Thefriction gradient for this
caseis:

6-(0+0.0001x1,180) - 0.6

_ ~0.448 ft/1
h, 1,180/100 0.448 1t/100

(eq. 4-80)

From table 4-16 this would probably require only a
12-inch pipe and, therefore, could be lay-flat, aluminum
or polyvinyl. However, the irrigator and designer might
consider it unlikely that the savings in gated pipe cost
would compensate for the additional buried mainline.

(3) Comparing alternatives for headland fa-
cilities

This sectionis not meant tobe a comprehensive
treatment of headland facility design, but to illustrate
some basic principles and methodologies. Keeping in
mind that most work to modernize or improve surface
irrigation systems will occur within existing systems, a
workable, if perhaps suboptimal, solution will present
itself upon initial inspection. Specifically, one indica-
tion of what should be done to improve the function
andefficiency ofheadlandfacilitiesistoimprove what
already exists.

There are no reliable criteria that would allow a de-
signertodeterminethebestheadditchorpipewith
their various offtake options without a site assess-
ment. A visit is needed to an irrigated area to find many
combinations of headland facilities doing essentially
the same tasks, but doing so in a manner that suits the
irrigator best. Historically, selecting irrigation facili-
tieshasbeen primarily concerned with the costofthe
purposed facilities. However, with the goal of modern-
izationin mind and anticipating that effectiveness will
become increasingly important, irrigation efficiency
will be substantially more important in the future.

Perhaps one of the most important features of surface
irrigation systems of the future will be the capability

to precisely regulate the unit flows onto the field. This
requiresthatthetotal flowtothefieldbeknownaccu-
rately and that the unit flows can be achieved precisely.
Earlier sections of this chapter have demonstrated that
when the proper flow is added to aborder, basin, or
furrow, high uniformities and efficiencies will result.
This suggests that adjustable gates are better selections
than checks, spiles, or siphons. Seepage and leakage
losses from the headland facilities should be mini-
mized, which suggests lined head ditches or pipelines.

One of the mostimportantfactorsin choosing a par-
ticular type ofheadland facility, ahead ditch or pipe,
forinstance,isthetypeofsurfaceirrigation system
beingserviced. Asarule, pipesthatcarrythe flow
necessaryforborderorbasinirrigation arefar more
expensive than lined or unlined ditches. Outlets from
head ditches for border and basin irrigation systems
should have a high-flow capacity; therefore, the outlets
aregenerallyslide gatesorchecks. Thesmallerditch
gates, siphons, and even gated pipe should notbe
ruledoutwhere the soilshavelowintakeratesand/or
the fields have relatively high slopes. Furrow irrigation
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systems, onthe otherhand, work best when flows to
individualfurrowscanberegulated. Thiscanbeac-
complished by siphon tubes, spiles, or ditch gates from
ahead ditch orby gated pipe. Since the gated pipe
outlets are more easily regulated than siphons, spiles,
or ditch gates, many irrigators engaged in improving
their systems’ performance choose gated pipe.

Another important factor is the flexibility to accommo-
date changes in cropping patterns. The crop rotations
of some farming units involve border irrigation for
some crops and furrow irrigation for others. Ahead
ditch with ditch gates workswellinboth circumstanc-
es, but gated pipe might be equally effective, particu-
larly if intake rates are low.

Finally, labor is rapidly becoming the farm’s most criti-
cal shortage, and any surface irrigation system mod-
ernization and improvement program must reduce the
laborrequired tooperateiteffectivelyifefficiencyisto
beincreased. Automation is the ultimate labor saving
technology. Thus, all things being equal, the best head-
land facilities might be those that can be automated.

However, once the headland facilities are selected,
they mustbecapableofdelivering the properunit
flow to the field under varying conditions through the
season and from year to year.

(f) Drainage facilities

Provisions to remove water promptly and safely from
theirrigated land should be an integral part of the
design of a farm irrigation system. The excess water
may be surface runoff from rainfall, tailwater from
irrigation, or excess percolation of either irrigation or
rainfall. It may also include leakage or seepage from
parts of the conveyance system. Storm runoff must be
diverted around or carried through the irrigation system
to protect the land, the irrigation system, and the crop.
Special erosion control measures may require modifica-
tionsin the design or layout of the irrigation system.
Tailwater from irrigation must be recovered or disposed
of without damage to lower lands. Excess percolation
of eitherirrigation water or rainfall may lead to a high
water table that restricts root growth or promotes a sa-
line or alkaline condition. Seepage from ditches, reser-

Figure 4-37 Layout of free draining furrow gated pipe system
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voirs, and sumps may waterlog adjacentland, requiring
tile or open drains to control the water table.

(1) Outflow control

Rainfall runoff — Standard NRCS procedures are
availabletodetermine the volume andrate of runoff
from precipitation. Runoff can leave the land through
natural water courses. Tailwater or waste ditches are
needed at the lower end of irrigation runs to collect
both this rainfall runoff and tailwater from irrigation.
Storm runoff generally governs the capacity require-
ments. Where storage and tailwater recovery facilities
are provided for irrigation, the storm runoff should
bypassthe storagereservoir to preventrapidloss of
storage capacity by siltcarriedinthe storm runoff.

Irrigation runoff— Provisions for storage, safe dis-
posal, orrecovery of tailwater mustbeincludedin
any graded furrow or corrugation irrigation layout if
efficientirrigationistobeachieved. Toobtain good
water distribution in a furrow or corrugation system,
theadvancetimeshouldbe asrapidasispractical.
This requires an initial furrow stream considerably
largerthanneeded to meettheintakerate ofthesoil,
which results in considerable outflow or tailwater. By
use of an inflow-cutback procedure, the tailwater can
be reduced. The irrigation tailwater must be collected
and reused on the farms or disposed of safely in ac-
cordance with state requirements. Some states now
require that irrigation water not be allowed to trespass
onlandsnotunderthecontrol oftheirrigator.Itis
then necessary to provide some means of collect-

ing the taillwater, transporting it to a pit or reservoir,
and either storing or providing recovery facilities as
needed. Subsurface drains irrigation water applied
pluseffective precipitation usually exceedscrop
evapotranspiration. Most of the excess water perco-
latesbelow therootzone,andunlesstheunderlying
material is sufficiently permeable to allow penetration
below drainage depth, a water table may form afew
feetbelowthesoil surfaceand require drainagefacili-
ties. If drainage facilities are needed, the water table
must be held below the root zone to provide aeration
andtocontrol salinity. Thiscontrolisaccomplished
by subsurface drains that intercept or accumulate
theexcessground water and returnittothe surface.
Subsurface drains are normally designed to lower and
maintain the water table at a level ranging from 4.0 to
8.1 feetbelowthe ground surface. Asubsurfacedrain-
age system may consist of interceptor drains, relief
drains, or pumped drains.

Interceptor drains—Interceptor drains are used on
the more sloping areas with a high water-table gradi-
ent. Theyarealigned perpendiculartothe direction of
ground water flow. Subsurface drains are commonly
used because the drain mustbelocated according to
ground-water conditions, which generally do not cor-
respondtofield boundaries, fences, or propertylines.

Relief drains—Relief drains are generally used on
leveltogently slopingarewith alow water-tablegradi-
ent. They are usually aligned parallel to the direction
of ground water flow. Relief drains are usually planned
asaseriesoflateraltilelinesinagridironorherring-
bone patternin which each line is connected to a main
thatleadstoanopendrain.

Pumped drains—Pumped drains are used in areas in
which the soilsare underlain by poroussand ox gravel
aquifers that can be lowered by pumping. Detailed
subsurface and ground water studies are required to
determine the possibility of satisfactorily lowering the
water table by pumping.

(210-VI-NEH, September 2012) 4-65



Chapter 4 Surface Irrigation Part 623
National Engineering Handbook

4-64 (210-VI-NEH, September 2012)



Appendices

Appendix4A ANoteontheDevelopmentofthe Original Intake Families and Their Modifica-

tions for Furrow Irrigation

Appendix 4B NRCSSurfaceIrrigation Simulation, Evaluation,and Design

Appendix 4C Glossary

(210-VI-NEH, September 2012)






Appendix 4A A Note on the Development of the
Original NRCS Intake Families and

Their Modifications for Furrow Irrigation

Introduction

In the 1950s, various personnel of the USDA Natural
Resource Conservation Service (NRCS, formerly Soil
Conservation Service (SCS)) beganaconcerted ef-

fort to develop general intake relationships to support

surface irrigation assessments when field measure-
ments were not available. In the 1950s, 1,670 ring

infiltrometer tests were made in grass and alfalfa fields

of Colorado, Wyoming, North Dakota, South Dakota,
and Nebraska. Most, butnotall, ofthe testswere
conducted within irrigated fields. The individual tests
were averagedin groupsoffiveforanalysis.

In 1959, J.T. Phelan proposed the intake families now
found in the USDA NRCS National Engineering Hand-

book (NEH), Border Irrigation and Furrow Irrigation.
Astheneedtorevisethe NEH to makeitcurrent with
existing surface irrigation technology emerged in the
late 1990s, so, too, did the need toreexamine and
revise the intake families.

Evolution of the original concept

The ring infiltrometer data collected in the 1950s were
evaluated in several ways using principally regres-
sion. One of the first concepts explored was that of
the basic intake rate which was defined as, that rate

whenthe change oftherate per hour wasone-tenth of
its value in inches per hour. In assuming initially that
intakecouldberepresented by thefunction,

z=xt"+c (eq. 4A-1)
where:
z  =the cumulative intake in inches
t  =theintake opportunity time, in minutes
k = empirical constant
a = empirical constant
¢ = empirical constant

The definition ofbasicintakerate,I,,ininches per
hour, was then,

I &z ( 6Z\\
o abs —
2w 00 s
This relationship occurs when,
£=-600(a-1) (eq. 4A-3)

The basic intake rate thus defined was extracted from
the ring infiltrometer data and grouped into 10 lay-
ersrepresentedbyaveragesofallthetestswithinthe
layer.The timetoinfiltrate 1,2, 3,4, and 6inches were
interpolated from each of the 5-reading averages and
then averaged over the layer as shown in table 4A-1.

Table 4A-1 Layered SCSringinfiltrometerdata
—

Average
Range of 1,, No. of test I, 1, To, Tay Ty Ta
in/h groups in/h min min min min min
Under 0.1 7 0.084 262 1146 2913 5770 15600
0.11-0.20 21 0.141 136 545 1288 2407 6002
0.21-0.40 35 0.291 65.1 209 439 731 1510
0.41-0.70 49 0.542 40.5 119 223 344 626
0.71-1.25 80 1.02 22.0 64.8 118 176 313
1.26-1.80 54 1.49 12.9 39.5 75.1 119 239
1.81-2.40 23 2.16 11.4 32.1 53.9 78.5 132
2.41-3.40 29 2.89 7.85 22.5 40.2 59.6 101
3.41-4.80 18 3.93 6.38 17.5 30.6 42.6 73.2
Over4.80 18 5.71 4.27 11.1 21.2 30.7 51.3
Total 334
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Modifications for Furrow Irrigation

Then, thePhilipequationwasusedtofitthedatain

table 4A—1. The expression of the Philip equation 1is:
z=S5t"" + At (eq. 4A—4)

where:

S = soil sorptivity

A =soil transmissivity

The resulting fit with the layer ring data produced the
following relations

0.392

S=0.1766x1, (eq‘ 4A-5)

and

A=0.01282 I,-0.00175, B>0 (eq. 4A—6)

Valuesof Sand A were then computed for Ib values
corresponding to the NRCS Intake Family designa-
tion, 0.05 in/hr to 4 in/hr. Rather than use these values
asthebasisfortheintake families, it wasdecided to
convertequation A—4 totheformofequation4-31.
z=xt" +c (eq. 4A-7)
Thiswasaccomplished by using equations 4A—4 through
4A—6tocompute valuesof zfor threevaluesofz, 1, 3,
and 9 inches. Then values of k, a, and ¢ were computed

from the three pointsand became the NRCS Intake Fam-
ily valuesin use until the publication of this chapter.

Modifications for furrow irrigation

Throughout the 1950s and 1960s, a small group of
NRCS personnel also wrestled with the question of
how to represent infiltration in furrow irrigation. Field
dataweresparse,butthere weresome data which sug-
gested thatintake could be related to flow, slope, and
roughness—in other words, wetted perimeter. There
was also some understanding that infiltration from the
furrowsideswasoccurring atdifferentratesthanfrom
the furrow bottom.

The methodology for developing intake relationships
from advance, recession, and inflow-outflow was not
well understood. Nevertheless, NRCS personnel were
making field measurements and attempting to deter-
mine intake parameters. By the late 1960s, these analy-
ses generally centered on adjusting the original intake

family coefficients for wetted perimeter. Specifically,
furrow irrigation intake was expressed as:

zZ= (Kta +c)(ﬂ\)
v (eq. 4A-8)

where:

wp =furrow wetted perimeterin ft

w =irrigatedfurrowspacinginft

Thewp/wadjustmentwaslimitedtoavaluenogreater
than 1.0.

Asubstantial effort wasmade toexpress wetted
perimeter as afunction offlow, Manning’sn, furrow
slope, and furrow shape. Valuesof Manning’sn were
typically 0.03 or 0.04, and the furrow shape gener-
allywasrepresented astrapezoidal. Theconceptofa
furrow-based basic intake rate was maintained. In the
end, theconceptofrelatingbasicintakeratesincylin-
der and furrow tests was abandoned. Instead, a fairly
largenumber of values of wetted perimeter were com-
puted using trapezoidal shapes ranging from a 0.2-foot
bottom width and 1:1 side slopesto 0.5-foot bottom
widths with 2:1 side slopes. Values of flow, slope, and
Manning’s n were included in the analysis. The data
were then simulated by the following relation:

wp= 0.2686(%\ e

(Vs)
where:

wp =wetted perimeterin ft
Q =flowingpm

S =thefurrow slope

n =Manning’sn

+0.0462

The differences between lateral and vertical infiltra-
tion were introduced by adjusting the 0.0462 constant
inequation4A-9by0.7toanewvalueof0.7462. The
basis of this adjustment is described in NEH-15, Chap-
ter 5, Furrow Irrigation, as:

Toaccountforboth verticalintake, whichisin-
fluenced by gravitational forces, and horizontal
intake, whichisinfluenced by suctionforces,
the wetted perimeter is increased by an empiri-
calconstantof0.700. Thisfactorisanaverage
value derived from studies that indicate that
horizontalintakeisafunctionofthe 0.4 power
of intake opportunity time.
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Modifications for border, basin,
and furrow irrigaiton

NRCS intake family designation

The basic infiltration rate generally occurs substan-
tiallybeyond the time whenthe change of therate per
hour wasone-tenth ofits valueininches per hour. A
more rationale and understandable concept for an
intake family would be the average 6-hour intake rate.
Figure4A—1showsaplotofthe6-hourintakerate
foreachofthe previous NRCSintakecurves. Given
theambiguity ofthe definition ofbasicintake andthe
problems associated with this definition in the Kostiak-
ovintakeequations,itseemsreasonable tomodifythe
concept of the intake family to one based on the aver-
age 6-hour intake rate in inches/hour. Furthermore, the

ring data originally used to develop the intake families
havetwovery seriouslimitations. First, theydonot
deal with the initial irrigations following cultivation.
Second, they donotrepresentthe physical condition
where water flows over the surface and displaces soil.
Thus, achangein how the families are defined canbe
made without serious physical limitations.

Adjusting intake for furrow irrigated
conditions

Furrow intake is independent of furrow spacing until
the wetting patterns between furrows begin to inter-
act or overlap. When the original SCS manuals were
written with the furrow adjustments based on the ring
infiltrometer equations, there were few actual furrow
intake measurements and measurement methodsin
place.Thus,itwasnecessaryandrational toaccom-

Figure4A—-1 Comparisonbetweentheaverage 6-hourintakerateandthebasicintakerateoftheoriginal SCSintakefamilies

—
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modate furrow irrigation by adjusting one-dimensional necessary to approximate neither Manning’s #, nor the
ring functions in the late 1960s. It is no longer rational furrow shape. Consequently, the reference state for
because more data are available, and more sophisti- any furrow intake measurement is the flow and wetted
cated analyses have been developed. perimeterinthefurrow atthe time ofthe measure-

ment. Any adjustment for different flows or different
In addition, there are now two fundamental pieces of shapesand wetted perimetersonthesamesoil should
data associated with furrow intake measurements bemadeonthebasisofan adjusted wetted perimeter
that render equations 4A—8 and 4A—9 obsolete. First, and not the furrow spacing. The revised intake fami-
theflow of each furrow measurement, aswell asthe lies of NEH623.0402 are based on this modification
actualwetted perimeter,isknown. Itisnolonger (table 4A-2).

Table 4A—2  Comparison of original and revised furrow intake family values

—
Original | Revised Original | Original | Assumed | Equiva- Equivalent | Equivalent | Equivalent Equivalent
curve no. | curve a-value k-value, | P, ft lent revised revised revised curve | revised
equivalent in/min revised k-value, f,-value, reference curve
a-value ft3/ft/min ft3/ft/min flow, gpm reference
perimeter,
ft
0.05 0.09 0.618 0.0210 | 1.27 0.294 0.00645 0.000285 9.47 0.44
0.10 0.12 0.661 0.0244 |[1.30 0.320 0.00729 0.000354 10.15 0.46
0.15 0.14 0.683 0.0276 |1.33 0.341 0.00805 0.000416 10.77 0.49
0.20 0.16 0.699 0.0306 | 1.36 0.360 0.00878 0.000477 11.38 0.51
0.25 0.19 0.711 0.0336 |1.38 0.378 0.00953 0.000540 12.02 0.53
0.30 0.21 0.720 0.0364 |[1.41 0.394 0.01026 0.000602 12.66 0.55
0.35 0.24 0.729 0.0392 |1.43 0.409 0.01099 0.000665 13.33 0.57
0.40 0.26 0.736 0.0419 |1.46 0.423 0.01173 0.000729 14.01 0.59
0.45 0.29 0.742 0.0445 |1.48 0.437 0.01245 0.000793 14.69 0.61
0.50 0.31 0.748 0.0471 |1.50 0.449 0.01318 0.000858 15.40 0.63
0.60 0.37 0.757 0.0520 |1.54 0.471 0.01461 0.000987 16.83 0.67
0.70 0.43 0.766 0.0568 | 1.58 0.491 0.01603 0.001117 18.31 0.71
0.80 0.49 0.773 0.0614 |1.61 0.509 0.01741 0.001247 19.82 0.76
0.90 0.55 0.779 0.0659 | 1.64 0.524 0.01877 0.001375 21.35 0.80
1.00 0.61 0.785 0.0703 | 1.66 0.539 0.02010 0.001503 22.92 0.84
1.50 0.90 0.799 0.0899 | 1.77 0.585 0.02535 0.002019 29.61 1.01
2.00 1.20 0.808 0.1084 |1.85 0.616 0.02987 0.002468 35.88 1.16
4.00 1.75 0.850 0.1876 |1.98 0.656 0.03684 0.003132 45.72 1.39
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Converting between border/basin
infiltration and furrow intake

Atthetimeofthischapterpreparation,thenumberof
furrow intake measurements available for evaluation
in the general sense is substantially greater than mea-
surements corresponding to border/basin irrigation.
Consequently, it is suggested that the historical prac-
ticefoundinearlier NRCS documentsin which the
furrow intake is derived from border/basin infiltration
should be reversed. Furthermore, it is no longer real-
istic to ignore the intake characteristics of the initial
irrigations. In this chapter, the reference intake family
has been based on the estimated 6-hour intake rates
offreshly formed furrows with a corresponding refer-
enceflow and wetted perimeter. Estimatesofborder/
basin infiltration curves are then derived by multiply-
ingthefurrow Kand F and parametersbytheratio
of furrow wetted perimeter tothe unit width to deter-
mine their border/basic counterparts, k and f:
k=X ¢ _F_

WP, WP, (eq. 4A-10)

inwhich WP isthereference wetted perimeterat
which the furrow families are defined.
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Appendix 4B

NRCS Surface Irrigation Simulation,

Evaluation, and Design software

Overview

The practices of surface irrigation evaluation and
design have changed significantly since the first publi-
cation of the NRCS NEH-15, Irrigation, chapters 4 and
5 describing border and furrow irrigation. Two genera-
tions ago, engineers relied on tables, nomographs, and
slide rules to choose aflow and a field length. Rules of
thumb led to choices of flow, length of run, and slope.
Calculation of advance and recession trajectories
allowed the irrigation specialist to more accurately
evaluate uniformity and efficiency. Realistic assess-
mentsoftheimpactofchanging flows,length, and
slopes are possible. Analysesnow focusonsimulating
the field using hydrodynamic, zero-inertia, or kine-
matic wave models.

In recognizing the need to update NEH-15, the NRCS
alsorecognized the need to provide modern tools for
simulating, evaluating, and designing surfaceirriga-
tion systems. The NRCS Surface Irrigation Simulation,
Evaluation, and Design (Surface) software program
was written to fulfill this need.

Surfaceisa comprehensive software package for
simulating the hydraulics of surface irrigation systems
at the field level, selecting a combination of sizing and
operational parameters that maximize performance. It
1s a convenient way to merge field data with the simu-
lation and design components. The program uses the
hydrodynamic theory in general use today. The soft-
ware has been written for IBM compatible personal or
microcomputer systems utilizing Microsoft® Windows
95 or later operating systems. This section provides the
reader with auser’'smanualforthe Surface program
and some detailed data sets that demonstrate its use.

Getting started

Surface and its companion files can be obtained from
your state irrigation specialist or IT personnel. The lo-
cal IT person can provide help installing the program.
Non-NRCS users can obtain a copy of Surface by
contacting their local NRCS office. NRCS_Surface is
supplied with variousfilesthatcanbe simply copied to
asubdirectory of the user’s choice and then executed
in the usual way.

Thereareanumberoffilesincludedinthe package.
These include the NRCS_SURFACE.EXE file, and sev-
eral sample input data files with a cfg extension.

Special controls

Figure 4B—1 shows the opening or main screen of
Surface. Program controls can be accessed via either
a set oficons or a series of drop-down menus. Figure
4B-2 shows a closer look at the command bar.

The Surface software can be run from the Run com-
mandofthe Windows® Start menuby double clicking
on NRCS_SURFACE.EXE from the Windows® Ex-
plorer or by clicking on a shortcuticon the user has
created. Thefirstprogramscreentheuserseeswill
involve four basic tasks:

e inputting or retrieving data from a file
e manipulating data and storing them

e simulating the surface irrigation system de-
scribed by the input data

e viewing, storing, and printing results

In addition, there are two special provisions in the
software tomanipulate data and/or simulations. The
firstistoderiveinfiltration parameter values from field
measurements, and the second is to simulate alternative
system configurations as part of an interactive design
feature. Both of these will be described separately.

File operations and exiting Surface

The program and any window or screen object can be
closed by clicking the Exit button, or by clicking File
and selecting Exit from the pull-down menu.

Existing inputfiles can be accessed by selecting Open
from the File drop-down menu or by clicking the
Open icon.

Oncetheuserhasfinalized asetofinputdata, it
shouldbe saved to an existing or new file. Saving toan
existingfileisaccomplished from the File pull-down
menu using the Save option or by clicking on the Save
icon. The Save As option from the File pull-down
menurevealsadialogboxin which the user can save
thedataunderanewfilename.

(623-VI-NEH, September 2012)



Appendix B NRCS Surface Irrigation Simulation, Part 623
Evaluation, and Design software National Engineering Handbook

Figure 4B-1 Main Surface screen

| Surface Irrigation Evaluation, Design, and Simulation
Fie lIrput Output Units Smudste Design Version Hebp
LR CERRE T SURFACE
USDA-NRCS Surface krrigation Evalustion, Design, and Simulation Program
X

Surface Irrigation Evaluation,
Design, and Simulation

United States Department of Agriculture

N RCS Natural Resources
Conservation Service

National Water and
Climate Center

Figure 4B-2 Surface command bar
——

Il.L Surface Irrigation Evaluation, Design, and Simulation

File Input Output Units Simulate Design Version Help

Besad ¢ ¢ @3E B
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Input Units
Both the Input menu and icon are one-click actions The input data and results of simulation, design, and
thatwill cause theinputtabbed notebook toappearin evaluation can be displayed in metric or English units
themainscreen (fig. 4B—3). Datacanthenbeinputand viathe Units pull-down menu. Units may alsobe se-
viewed. lected from the Infiltration Characteristics panel in the

input tabbed notebook.
Output There are three options, English-cfs, English-gpm, and
Metric. The default selection is English-gpm. The
selected system of unitsis stored withtheinputdata
file, so each time afileisloaded, those units will be
displayed and used. Thus, the unit selection should be
made before entering input data and/or before saving
theinput datafile.

The Surface softwareincludes tabular, as well as
graphical presentation of simulation results. These op-
tions are accessed from the main menu by clicking on
Output and then choosing displayed (numerical) or
plotted results. Icons are also available for displayed
and plotted results. Figure 4B—4 illustrates the Sur-
facetabularoutputscreen.

Figure 4B-3 Surface input tabbed notebook

Inflow Controls | Field Topography/Geometry | Infiltration Characteristics | Hydrograph Inputs | Design Panel |

Eﬂ Field Geometry Flow Cross-Section
Field Length, ft  1181.1 Manning - n Values Top Width (in) 14.173
Field Width, ft 656.2 First lirigations 0.040 Middle Width (in) 11.024
Border/Basin Unit 328 Later lirigations 0.030 B‘_’“"m Width li"] 3.937
Width (ft) or Row Maximum Depth (in) 4.724

Spacing, ft

Tmax Furrows

Field System
" Border/Basin lirigation
* Furrow lirigation

Downstream Boundary
 Free Draining

" Blocked
Base
Field Slopes - .
First Slope 0.00800 Manning Equation Calculator Hydraulic Section
Second Slope  0-00800 Slope | 0.00800 fihol
Third Slope 0.00800 ) Rho2
First Distance, ft 1181.1 Manning n | 0.0400 Sigmal
Second Distance, ft 1181.1 Flow. gpm | 31.7006 GEiigmaf
Fleild Cufs:Slope. 0.000.00 Depth, ft | 0.0000 G:z:zz
The "First Distance” is the distance
Lrom field i'r:\le! lg the break ig slope Area, ft*2 | 0.0000 lém:
Sft::;'e.nSit::iﬁll;?gf nh:n"'jSeczf.%"d Top Width, ft | 0.0000
Distance.". Wetted Perimeter, ft | 0.0000
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Simulation Design

The selection of Simulate on the main menu bar or
the Speed button will cause the simulation program-
ming to execute using whatever data are currently
stored in memory. A number of safety checks are
made to ensure that the appropriate characteristics
of the surface irrigation system are defined. The
simulate pull-down menu uses a fully hydrodynamic
analysis of the system. Input data options are provided
toincrease or decrease the execution speed to suit
thevisualappearanceofthe graphicsscreen which
presents the simulation results time step by time step.
Thereisamoredetailed descriptionofthesimulation
functions along with some example problems in Data
input section.

The Design option on the main menu bar will open the
input data tabbed notebook to the Design Panel. This
canalsobe accessed through theinput options. The
Design option allows the user to simulate and modify
various design configurations in an interactive mode.

Data input

Providinginputdatato the Surface softwareinvolves
two activities: defining the characteristics of the sur-
face irrigation system and defining the model opera-
tional control parameters.

Figure 4B-4 Surfacetabularoutputscreen
——

fl_, Output Preview

File Units
| A B C D A
| Distance in Time of Time of Cummul.
feet Advance in | Recession Infilt. in
I N min in min inches
2 0.00 0.00 404.00 6.79384
3 | 82.40 2.00 406.00 6.79499
4 | 133.38 4.00 408.00 6.77788
| 5 | 180.30 6.00 408.00 6.79809
6 | 223.21 8.00 410.00 6.76744
T | 262.24 10.00 412.00 6.75165
v | Advance/Recession/Cuomudative Inteke. | 8 297.57 12.00 412.00 6.73881
0 I’MWMDW 9 | 329.50 14.00 412.00 6.72359
10 | 358.45 16.00 414.00 6.70173
A1 384.89 18.00 414.00 6.68284
12 409.23 20.00 414.00 6.66273
13 | 431.79 22.00 416.00 6.64327
14 | 452.80 24.00 416.00 6.62111
| 15| 472.43 26.00 416.00 6.59866
16 | 490.83 28.00 416.00 6.57552
7 | 508.16 30.00 416.00 6.55238
18 | 524.52 32.00 416.00 6.52865
| 19 | 540.01 34.00 418.00 6.50303
20 | 554.72 36.00 418.00 6.48325
|21 | 568.72 38.00 418.00 6.45952
| 22 | 582.07 40.00 418.00 6.43514
23 | 594.83 42.00 418.00 6.41046
24 | 607.04 44.00 418.00 6.38556

4B—4

(210-VI-NEH, September 2012)




Appendix B

NRCS Surface Irrigation Simulation,
Evaluation, and Design software

Part 623
National Engineering Handbook

Theinputtabbed notebook (fig. 4B—3) is accessed
from either the Input menu command or the speed
button. Thetabsarefromlefttoright:

* Inflow Controls
Field Topography/Geometry
Infiltration Characteristics
Hydrograph Inputs
* DesignPanel
Input data for the first three panels are required for
all applications of the Surface software. The fourth,
Hydrograph Inputs is an optional feature to allow field
data inputs to the simulation programming. The De-

sign Panel is only for interactive design functions and
is discussed separately.

Entering field characteristics

Thefirstdatathe user may wishtodefinearethoseas-
sociated with the field topography and geometry
(fig. 4B-5).

The geometry and topography of the surface irrigated
field is described by inputting the following param-
eters:

o Field Length and Width
e Field CrossSlope

e Downstream Boundary—Free Draining or
Blocked

e Manning’s roughness n Values—First and Later
Irrigations

e Field Slopes—Three slope values in the direc-
tion of flow

Figure 4B-5 Fieldcharacteristics paneloftheinputtabbednotebook

33 Field Geometry
Field Length, ft 1181.1
Field Width, ft 656.2

Border/Basin
Width ft 2 2

Manning - n Yalues

Field System
(+ Border/Basin lrrigation
" Furrow lrrigation

Downstream Boundary

* Free Draining
" Blocked

Field Slopes

¢~ Simple Sloped Field
7+ Compound Sloped Field:

First Slope 0.00800

Second Slope 0.00800

Third Slope 0-00800

First Distance, ft 32808.0
Second Distance, ft 32808.0

2

Inflow Controls Field Topography/Geometiy | |nfiltration Characteristics I Design Panel | Hydrograph Inputs I

First lrrigations 0.040
Later lrrigations 0.030

Manning Formula Calculator

* View 2 |
¢ Hide :

g e — - — —————

lk—— Border/Basin Width ~— ——>]

Manning Equation Calculator

Slope ['0.00800

Manning n [m

Flow, gpm ['31.7006

Depth, ft | 0.0000

Area, ft"2 | 0.0000

Top Width, ft | 0.0000
Wetted Perimeter, ft [m

(210-VI-NEH, September 2012) 4B-5



Appendix B

NRCS Surface Irrigation Simulation,
Evaluation, and Design software

Part 623
National Engineering Handbook

e Two distance parameters associated with the
three slopes

e Fourmeasurementsofflow cross section

o Field System—Border/Basin or Furrow Irri-
gation (Furrow spacingreferstothe spacing
between adjacent irrigated furrows. When al-
ternate furrows are irrigated, an unused furrow
liesbetweentheirrigated furrowsandisnot
considered inthe definition of furrow spacing.)

Field geometry

Thebasicgeometry of thefield includesitslength or
the distance water will run, its width and cross-slope,
thetypeofsurfaceirrigationsystem,aunitwidthor
furrow spacing, and the nature of the downstream
field boundary. The field’s cross slope isnot used in the
software,butisneededtodesigntheheadland pipes
or ditches used to irrigate the field. These parameters
are constant within each field and may not represent
the entire area beingirrigated.

The simulation program evaluates the hydraulics of
the irrigation over a unit width. Typically, the unit
width forborder andbasin simulationis 1foot, but
can be other dimensions if desired. Whatever value
that is selected must be consistent with the simulated
unitflow.Inother words,ifthe unit widthis 2.5 feet,
thesimulated unitflow mustbethe dischargeontothe
border or basin that flows within this width.

If the system is configured for furrows, the simulation
evaluates the flow in a single average furrow.

Manning’s n values

Oneofthe mostimportantconsiderationsinsurface
irrigation evaluation and design is the changes that
occuronthefield surfaceasitisirrigated. Newlytilled
soil is usually hydraulically rougher than soil surfaces
thathavebeensmoothed by the flow of water during
irrigation. On the other hand, surfaces such as borders
and basins may become hydraulically rougher as crop
density and size increase.

The Surface softwareincludesthefeaturenecessary
to examine two field conditions which are noted as
first irrigation and later irrigation conditions. To per-
form the various simulations, the software requires
inputoftwo estimates of the Manning’s n coefficient
for these two conditions.

Freshlyconstructed furrowstypicallyhavenvaluesof
about 0.03 to 0.05, depending on the soil aggregation.
Previously irrigated furrows without crops growing in
the furrow itself will have substantially lower n values.
Measurements have been reported where these n val-
ueshavebeen aslow as0.015. Inthe absence of more
detailed information, it is probably sufficient to use
annvalueof 0.04 forfirstirrigations and 0.02forlater
irrigations, but the user has an opportunity to apply
judgment where necessary.

TheManning’snvaluesforbordersandbasinsvary
overamuch widerrange than they do for furrows, pri-
marily becausethey are affected by the crop and the
geometryofitscrown. Afreshlytilled and prepared
border orbasin with abare soil surface probably has
annvalue aboutthe same as for furrows, 0.03t00.05.
After initial irrigations and before substantial crop
growth, then value maybe aslowas 0.15t00.20, but
later asthe waterisimpeded by the crop, the nvalues
canbeashigh as0.80foracroplike analfalfa-grass
mix. The Surface software can be used in conjunction
with field measurements of advance and recession to
estimatethenvalues, and thiswillbedescribed later.

Field slopes

The Surface softwareiscapable of simulating fields
with a compound slope (fig. 4B—6). The slope value
thatisenteredisthechangeinvertical distanceover
the horizontal distance and not the percent value.

Up to three slopes can be located in the field by two
distancevalues. Whenthefield hasonlyoneslope, the

Figure 4B-6 Illustration of multipled slope surface ir-
s rigatedfield

Field Surface Slopes

D

[ ¢——1stdistance 4— 2nd distance

Fieldlength

Distance from field inlet
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simpleslopebuttoncanbeselected and oneslopevalue
enteredforthewholefield. Afield withtwoslopescan
be defined by setting the second and third slopes to the
same value and the second distance to be the difference
between the field length and the first distance.

Flow cross section

Theflow cross sectionis defined and computed with
four parameters: top width, middle width, base, and
maximum depth. As these are entered, eight param-
eterslabeled Rhol, Rho2, Sigmal, Sigma2, Gammal,
Gamma2, Cch, and Cmh are automatically computed.
Itis important that the four dimensions required in
theinputscreenarethosethatareassociatedwiththe
unit discharge for border and basins or per furrow for
those systems. Ifthe field system selectedis a border
orbasin, theborder/basinwidthisenteredaswellas
the total flow rate per border/basin. The program then
convertsittoaunitwidthbasisforinternaluse. The

top, middle and bottom widths are all the same for a
borderorbasin (fig. 4B-7).

Figure 4B-7 Border, basins, furrow flow cross section
——

Border and Basins

max

ORN e LY NN

—— T, =T .~Base=UnitWidth ——»

Furrow

The values of Rhol (p,), Rho2 (p,), Sigmal (c,), Sig-
ma2(c,), Gammal (y,), Gammaz2 (y,), Cch, and Cmh
are based on the following relationships:

WP=, y"
Y (eq. 4B-1)
A=c y°2
1 (eq. 4B-2)
4
2R3 _ P2
AR =p.A (eq. 4B-3)
10 4y,
p2 ="
3 3 (eq. 4B—4)
62
pl 10
— P2
Rk (eq. 4B-5)
- 4
T3
_ Cmh
T=(Ceh)y (eq. 4B-6)

Theparameters WP,A,y,R, and T are the flow cross-
sectional wetted perimeter, cross-sectional area,
depth, hydraulic radius, and surface top width, respec-
tively. Forbordersandbasinsin which the unitwidth
isbfeet,thevaluesoftherespective parameters are:

T1 =b
Yo =0
6, =b
c, =1
pp =b?
p, = 10/3
Cch =D
Cmh =0

For furrows, these parameters take on many values
and need tobe computed from the cross-sectional
measurements of T, T .. Base,andY, . The
Surface program does this by numerically integrating
the furrow shape. The valuesof Cch,y,, o,, and p, also
depend on the units used. The Surface software only
displays the metric values even when the English units
areusedforinput.

Onthelower center ofthe Field Topography/Geom-
etry notebook is a Manning’s Equation Calculator (fig.
4B-5).Oncethebasicshape hasbeen defined by the
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unit width forbordersorT, ., T, ., Base,andY . for
furrows, the usercanenter aslope, aManning’sn, and
a flow. The Manning’s Equation Calculator will then
compute the depth of flow, the cross-sectional area,
depth and wetted perimeter. The user can also enter
the slope and Manning’sn along with any one of the
other variables such as area, and the remaining others
will be determined. The Manning’s Equation Calcula-
tor will assist the user in evaluating border and dike
heights, checking whether the furrow has overflowed
due to the flow or blocked end, or to determine what
the maximum flow couldbe without breachingthe
border dikes or furrow perimeters.

The Manning’s Equation Calculator can also be used
toapproximatetheconditionsinopenchannelfield
ditches. Notethattheprocedures were written for
irregular shapes like typical furrows and are only ap-
proximate for the regular trapezoidal shapes. To use

the calculator or field ditch evaluation and design, set
the Field System tofurrowsby checkingtheappropri-
atebox. Then enter the channel shapeinthe Flow
Cross Section boxes. Finally, move the cursor tothe
Manning’s Equation Calculator and enter the respec-
tive parameters.

Infiltration characteristics

Figure 4B-8 shows the tabbed notebook where infil-
tration functions are defined. These data comprise
the most critical component of the Surface software.
Four individual infiltration functions can be defined as
afunction for:

o first or initial conditions under continuous flow
e later irrigations under continuous flow
o firstorinitial irrigations under surge flow

e laterirrigations under surge flow

Figure 4B-8 Infiltration characteristics panel of the input tabbed notebook

Inflow Controls ] Field Topography/Geometiy | Inhltration Charactenshics | Design Panel | Hydrograph Inputs

X _ g
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The user is referred to NEH623.0401(b)(2) and
NEH623.0401(b)(3) for a detailed description of how
these parameters are defined and measured, but they
are important enough to be given further attention here.
Notethatthe modeldoesnotallowacracking term for
surgeflow sinceitisassumedthecrackswill close dur-
ingthefirstsurgeonthedrysoilportionofthefield.

Justbelow thefourintake parameters are twoboxes
labeled Q, ,» gallons per minute which are used to
enter the flow at which the intake parameters are
defined. Furrow intake parameters are always defined
for a unique flow, whereas, border and basin param-
eters are not. The Surface software uses the values of
Q; g1 to adjust furrow intake parameters for changes
inflow. Note that Q; ;. boxes are not provided for the
surge flow conditions as they mustbe the same asthe
respectivecontinuousflowvalue.Inotherwords, the
Q. si1¢ valuefortheinitial surgeflow conditionisas-
sumedtobethesameasthatfortheinitial continuous
flow condition.

Itisnotnecessary to define infiltration for each of the
four conditions. However, they mustbe defined for the
cases the user wishes to simulate, evaluate, or design

by having checked the boxes nexttothe Simulatela-
bel. Specifically, looking at the figure 4B-8, if the user
isinterested in only simulating the initial continuous
flow, then the values necessary are just in that column.
Ifsurgeflowistobeevaluated, theintake coefficients
are necessary in the first and third columns. By chang-
ingthe check box selections, the user can simulate
later irrigation conditions, as well. The surge flow
check boxes are deactivated since itis necessary for
the simulation of an initial surge flow or later surge
flow condition thattheassociated continuousflowin-
take be used for the flow of water over the dry portion
ofthefield.

The Surface software includes sets of values for a,
k,f,andc (ora, K, F,,and C) which are accessed

by clicking on one of the tablesbuttons. Theintake
functions represented are based on the original USDA
NRCS intake families modified to be consistent with
theintakeequationsusedinthe Surface software
(NEH623.0401(b)(2)). Figure 4B—9 shows one of these
tables for a furrow system. A set of values can be
selected by clicking on the associated radio button on
theleftofthetable. Thecorresponding valuesthen
willbe automatically enteredin theboxes offigure

Figure 4B-9 NRCS reference intake family for initial continuous flow furrow irrigations

I
Continuous Flow Intake Curve Parameters for Initial Irrigations

ID Soi1l Hame a K Fo Or Wpr
(ft"3-ft-mn"a) (ft*3-ft mn) (gpm) { £t}

i .02 Heavy Clay 0.192 0.002620 0.0001461 7.411 0.365
" .05 Clay 0.247 0.00475%6 0.0002340 g. 255 0.399
.10 Clay 0._303 0D._00R783 0.0003475 9 648 0452
" _1% Silty Clay 0D._348 0_008500 0. 0004621 11 _023 0.500
" .20 Sil-Sand Clay 0.385 0.010086 0.0005797 12 381 0.544
i~ _.25% Sandy Clay 0D.416 0.011517 0.0006961 12.721 0.586
" .30 Sandy Clay 0.442 0.012870 0.0008130 15.042 0.626
i .35 Si1lty Clay Lo 0.464 0.014166 0.0009285 16347 0.663
" _40 Silty Clay Lo 0_483 0D.015383 0.0010425 17 633 0.699
" _45% Clay Loam 0D._499 0D.016541 0.0011534 18 _901 0.733
" &0 Clay Loam 0D.514 0.017660 0.0012628 20152 0767
i~ .60 Sandy Clay Lo 0.537 0.019750 0.0014715 22.599 0.830
i~ .70 Sandy Clay Lo 0.556 0.021701 0.0016687 24 976 0.889
" .80 S5i1ilt Loam 0.572 0.023512 0.0018535 27.281 0.945
.90 Silt 0.585 0.025%224 0.0020268 29.514 0.999
i 1_00 Loan 0D._597 0. 026836 0.0021894 31 677 1._050
" 1_50 Sandy Loam 0D.638 0D.0323830 0.0028582 41 420 1.282
(" 2.00 Loamy Sand 0D.666 0.0329706 0.0023515 49 381 1.483
i 4_00 Sand 0.751 0.0593321 0.0044455 63._401 2.131
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4B-8.Thecor Cvalues are terms to adjust for large
field cracks and may be set to zero. The value of f and
F_ arebasicorlongtermintakerates and maybeset
tozeroforshortirrigationeventsthatare typicalfor
bordersandbasins but generally not so for furrows.
Thekor Kand aparametersshould alwaysbe defined.

Theroot zone soil moisture depletion, Zyeg isentered
in the input boxes below the Tables buttons (fig.
4B-8). These values are always entered as the target
depth ofirrigation orthe depth of the soil moisture
deficitand canbeconverted toanequivalent volume
perunitlength:

7 =z W
req req

(eq. 4B-T7)

where:
w =theunitwidthinfeetfor bordersandbasinor
the irrigated furrow spacing

For convenience, the values of root zone moisture
depletionareenteredinunitsofinchesand then are
convertedintounitsoffeet foruseintheinfiltration
equations. Thek, fo’ and cvalueshaveunitsoffeet,
feet per minute?, andfeetrespectively forborders and
cubic feet per foot per minute?, cubic feet per foot per
minute, and cubic feet per foot for K, F , and Cin fur-
row infiltration.

Below the input boxes for the root zone depletion are
the associated required intake opportunity time to
achieveinfiltrationequaltotherootzonedeficit. For
example, a 4-inch deficit will require 204 minutes of
infiltration. These input boxes are updated whenever
valuesoftheintakecoefficientsorz,, areinput. Val-
uesofintakeopportunity timecanalsobeinputdirect-
ly,and thevaluesof zreqwill beadjusted automatically.

Atthebottom of the screen are five buttons, three to
switchbetween Englishand metricunitsand twoto
switch between furrow and border/basin configura-
tions. Thisfeatureisprovidedinthe softwareto allow
the user tocomparethefurrow andborder/basinin-
take parameters for various unit widths, furrow geom-
etries, andflowrates. The simulationscanberunfrom
thispointifthe user wishestocompare furrow and
borderirrigation performanceifthefieldhasaslope
orlevelfurrowsandbasinirrigationifthefieldislevel.

Finally, at the right of the intake parameters are three
input boxes and a button labeled Two-Point. The

softwareuseswhatiscalled the two-point volume
balance procedure toestimatetheaandk or Kintake
parameters. A more detailed explanation of this proce-
dure will be provided in the examples section of this
manual. Usually, field measurements of advance time
tothefield midpointandend are madetoadjustintake
parameters, thus, thistoolispartofthe software’s
evaluation capability.

Inflow controls

The Surface programmingis controlled by the model
control parameters as shown in figure 4B—10. User
input is required for three options:

+ Simulation Shutoff Control
+ Inflow Regime Control

* Run Parameters

Simulation Shutoff Control—The basic cutoff or
shutoff for surface irrigation system occurs when the
inflowtothefurrow,border,orbasinisterminatedat
the field inlet. Unlike drip or sprinkle systems in which
this represents the end of the water applications, sur-
face irrigation systems have a continuing or recession
phasethatcan,dependingonthetypeofsystemandits
configuration, involve a significant application of water
topartsofthefield. The termination of fieldinflow for
the purposes of software executionis defined by two
check boxesand aninputbox, Time of Cutoff. Under
the heading Simulation Shutoff Control, the user must
select either to terminate inflow at a specific time, by
elapsed time ornumberof surges,orwhenthe down-
streamendofthefield hasreceived a depth of water
approximately equal to Zyogs by target application.
Asanumerical safety measure, the Time of Cutoffwill
always terminate the simulated inflow even when the
box By Target Application, z,, q ischecked. Thus, tolet
inflow control to be managed by Zy,, the cutoff time
must be entered as a large value. Likewise, the num-
berofsurgesspecified for surged systems dominates
the applied depth control and should be set toalarge
number. Ifz . controls the shutoff time, the control
valueis the same as z, specified in the Infiltration
Characteristics panel. The simulation portions of the
modelsalsorequireatime stepwhichisdesignatedas
Dtm. The software always computes a default value
that can be overridden with an input value, particu-
larlyifthe softwareisencountering convergence or
stability problems in the numerical procedure. As a
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rule, instability can be remedied by reducing the value
of the time step.

The discharge that the program will use in the simula-
tionis specified by the user’s entry into the Simulated
Unit Inflow box.

Inflow regime control—The Surface software will
simulate both continuous and surge flow irrigation.
There arethreecontinuous and one surge flow re-
gimes as shown in figure 4B-10. The user may select
oneregime at atime by clicking on the respective
check box.

Generally, surface irrigation systems are designed with
a fixed inflow during the advance phase. This value

is specified in the Inflow box. Note that this flow is
the discharge into each furrow or into each border or

basin. Occasionally, during efforts to evaluate surface
irrigation systems, an inflow hydrograph is measured,
and the user would like to evaluate the effect of in-
flow variations. Thisoptionrequires the Continuous
Inflow Hydrograph check box to be selected and an
input hydrograph specified in the Hydrograph Inputs
panelinthe tabbed notebook.

Under a surge flow regime, there are two cycle op-
tions. Thefirstis afixed cycle on-time surge flow sys-
tem, and the secondisavariable on-cycle time option.
Itis assumed that the off-time equals the on-time, thus,
theactualcycle timeisdoubletheon-time.Inother
words, the cycleratio, on-time divided by cycle timeis
always 0.50.

Surface offers two ways to vary the surge to surge
cycle on-time. The first is by multiplying the first surge

Figure 4B-10

Inflow controls panel of the input tabbed notebook

Simulation Shutoff Control
(¢ By Elapsed Time or No. of Surges: 1]
" By Target Application, zreq

Inflow Regime Control

(¢ Continuous Inflow

" Continuous Inflow w/ Cutback
(" Continuous Inflow Hydrograph

" Surge Flow

Simulation Speed & Graphic Slope
| [~ <-Slow-Fast>

/
(Bl Chnsl (B DAl Rl ey

| 0 <-Slope-> +

Inflow Controls | Field Topography/Geometry | Infiltration Characteristics | Design Panel | Hydrograph Inputs

Run Parameters
Border or Basin Inflow, gpm 31.701

Time of Cutoff, mn  240.0
Time Step. mn 1.00
Leaching Fraction 0.10
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on-time by a user-specified fraction (Surge Adj. Ratio
editbox). Forexample, ifthe first surge on-timeis 30
minutes, anditisdesirabletoexpandthe surgesby 10
percenteachcycle, then the Surge Adj. Ratio canbe
setto 1.1. The second way of varying the surge cycle
timeisby adding afixed amount of time to each surge
on-time via the Surge Adj. Time parameter. If one
beginswitha60-minutecycle and wishestoexpand
itby 10 minuteseach surge,thenthe Surge Adj. Time
parameterissetto 10.Inboth casesof variable cycle
surge flow, the cycle times can be compressed by
specifyingavaluelessthan 1.0for Surge Adj.Ratio
oranegativenumberfor Surge Adj. Time. Theuser
shouldbe careful with thisinputbecause it would be
easy toend up with a negative time cycle. The model
becomes unstable under these circumstances.

The concepts of continuous and surge flow are fairly
standard surface irrigation terms. Cutback is a concept
ofhaving a highinitial flow tocomplete the advance
phase and a reduced flow thereafter. Both continu-
ousandsurged systemscanoperate with acutback
regime. Ifacutbackregimeisselected, twoadditional
parameters are required. The first is the definition of
the cutbackratio, and the second is the definition of
cutbacklengthfraction. Acutbackratioof0.80results
in areduction of inflow to 80 percent of the initial flow.
A cutback length fraction of 0.8 initiates the cutback
flow when the advance hascompleted 80 percent of
the field length. Likewise, a cutback length fraction of
1.2 results in the cutback when the software estimates
theadvancewouldhaveexceededthefieldlength

by 20 percent. In surge flow simulation, the cutback
lengthfractionshould alwaysbesettoavaluegreater
than 1.0.

Thereisonenote of caution. If the advance phase has
been completed and the cutback is sufficient todewa-
tertheendofthefield, the simulations will often fail.
These are situations where the cutback causes a front-
end recession prior to inflow shut off. In some cases,
the simulations will compute the front-end recession
and subsequent advance without problems, but the nu-
merical failures are common enough that the software
has been programmed to discontinue simulation for all
caseoffront-endrecessionduringcutback.

Leaching fraction—Although the software does not
simulate or evaluate water quality parameters like
salinity, the definition of irrigation efficiency includes a

leachingfractionterm. Amoredetailed descriptionof
efficiency is given in NEH623.0401.

Simulation Speed and graphical presentation—
Modern computers will execute the mostintensive of
the Surface programming toofast for aclear run-time
graphical presentation. To adjust computational speed,
the software has built-in delays that can be adjusted
by moving the Simulation Speed track bar to the right
(faster) or left (slower).

Thelower track bar will adjust the plotting slope of
the run-time surface and subsurface profiles. This fea-
ture has been included solely for presentation purpos-
es and has no computational or physical ramifications.

Hydrograph inputs
Three of the important uses of software such as Sur-
face are to:

e evaluate the operation of existing surface ir-
rigation systems

e simulate the design of a surface irrigation sys-
tem

e compare the simulated and measured condi-
tions

The Hydrograph Inputs panel of the input tabbed
notebook isincluded to provide a convenient way to
input threeimportant field measurements that might
be usefulin the three main usesofthe software. These
three field measurements are:

e aninflow hydrograph
e atailwater or runoff hydrograph

e advance and recession trajectories

On the panel are three mini-spreadsheets (fig. 4B—11).
Datainthesespreadsheetscanbeinputfromorout-
puttoMicrosoft® Excel® spreadsheets with simple
dragand drop or copy and paste operations.

The first mini-spreadsheet describes the inflow hydro-
graph.Thesedatacanbe measuredinthefieldor
simplyinputby the usertotestaflowchangebehavior
ofthesystem.Thehydrographisdefinedbyelapsed
time (the time since the beginning of irrigation) and
the discharge into a furrow or border/basin unit width.
Ttisnotnecessary todevelop andinput these data on
equal time steps since the software includes interpola-
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tion algorithms to match computational points with
the input points.

The second hydrograph is for any surface runoff of
tailwater that might be recorded or estimated. It is not
necessarytohaveatailwaterhydrographif,forex-
ample, the end of the field is blocked.

Finally, a mini-spreadsheet is available to record ad-
vanceandrecessiontrajectories.Inthiscase,thedata
do not represent a hydrograph and may have points
onthetwotrajectorieswhere data arenotavailable. If
dataarenotavailableforbothtrajectoriesoratcertain
points, theusershould entera—1. The software will
ignore the negative values and use what data points
are available to plot the trajectories.

Below the spreadsheets are three buttons labeled
Update Inflow Hydrograph. Clicking on each of these
buttonsisnecessary torecord the datain the soft-
ware arrays for use and storage later. Any input data
not updated with these buttons will not be available to
thecomputationalalgorithmsofthe softwarenor for
later storageinfiles. However,once updated, the
hydrographs and trajectories are stored in the .cfg file
andwillreappearuponopening such afile.Itisnot
necessarytoupdatethesedataoncerecorded unless
changesaremade.And,itshouldbenotedthatany
updated data in these spreadsheets will be plotted in
thegraphicoutputscreensdiscussed below whenever
the Continuous Inflow Hydrograph check box is
checked.

Figure 4B-11

Hydrograph input panel of the input tabbed notebook

Inflow Controls I Field Topography/Geometry | Infiltration Characteristics Hydrograph Inputs | Design Panel |

(X
=| =7k I —B A I [
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Hi 2 Time, 2m
3 14.813 2 mn
4 | 60 14813 3 0 898
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6 560 14813 £ | 39%.0 4,354
7 | 1350 14313 6§ | 4120 4.983
8 | 1450 14813 7 | 4388/ 532
""""" | | 4600 5380
o 2020 14313 B I
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Design panel

The interactive design capabilities of the Surface soft-
wareisdescribedin NEH623.0401(g). Itisalsoincluded
with the input tabbed notebook tofacilitate data entry
andchange during theinteractive design process.

Simulation

Oncetheinputandcontroldatahavebeenentered, the
simulationisexecutedbyclickingonthecalculator
button or the simulate menu. The simulation screen
willappear,and therun-time plotoftheadvanceand
recession profileswillbe shown (fig. 4B—12).

Three important regions are in the simulation screen.
Thefirstoccupiestheuppertwo-thirdsofthe screen
and plotsthe surface and subsurface movements of

water as the advance and recession trajectories are
computed. Thetargetorrequired depthofapplica-
tionisplottedas Zyqr SO thatwhenaninfiltrateddepth
exceedsthisvalue the user can see theloss ofirriga-
tion waterto deep percolation. The subsurface profile
color changes as the depth exceeds z,,.

Inthelowerright side ofthe screen, a summary of the
simulated irrigation event will be published after the
completionofrecession. The uniformity and efficiency
terms are defined later in NEH623.0401. The bottom
four edit windows give amassbalance of the simula-
tion, including an error term describing the computed
differences between inflow, infiltration, and runoff Gf
thefieldisnotdiked). Asarule, anerrorlessthan5
percent is acceptable, most simulations will have er-
rors of about 1 percent.

Figure 4B-12  Mainsimulation screen

L. Surtacs Vrigation Evabostion Dianign, and Shmulitiom

File Input Output Units Simulate Design Version Help

BFdayd: cmENi

SURFACE

USDA-NRCS Surface Irrigation Evaluation, Design, and Simulation Program

| Flow Depth Surface & Subsurface Flow Profiles
i
————— — — — — |
___________________ |
zreq
Intake
Outflow Runoff Hydrograph Simulated System Performance

Advance Time, Min..........cco.......d 0.0
Application Efficiency, %.
Require’mt Efficiency, %...
Irrigation Efficiency, %.
Distribution Uniformit
Dist. Efficiency, %.......

Tailwater Fraction.....

Deep Perc. Fraction......

Volume Balance in Cubic Feet
. Inflow Outflow Infilt Error,%
Time 0.0 0.0 0.0 0.0
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Inthe lower left side of the screen, a runoff
hydrograph will be plotted for the cases where the
downstream end of the fieldis not diked.

Notethatneithertheadvancerecessionnortherunoff
hydrograph is intended to be quantitative, as no units
areincludedintheplot. Thesedetailsare presentedin
theplotted and printed outputfromthe model.

Output

TheSurface softwareincludesboth tabularand
graphical display output capabilities. Outputis ac-
cessed from the main screen by selecting Output
and then choosing either Display Output Results or
Plotted Results from the drop-down menu. Printed
output can be accessed directly by clicking once on
theprinticon, and likewise, plotted outputcanbe
directly accessed by the ploticon.

Ifthe user would like a printout of the software’s basic
input data, then the Print Input Data option can be
selected.

Printed output

Figure 4B—4 showed the Surface tabular output
screen. Selecting the File option from the main com-
mand bar provides various print and save options.
Datacanbesavedinacomma delimited textfile, but
the mini-spreadsheets on the form are also Microsoft®
Excel compatible so the user can also drag and drop
orcopy and paste the data from the screen directly.
Tabular output can be either printed or previewed.
Each selection of the print or save options allows
the user to choose one of two sets of data: the ad-
vance/recession/infiltration profiles and/or the runoff
hydrographs.

ATUnitsoptiononthe maincommandbarisavailable
tochangetheunitsof previewed or printed data.

Plotted output

Choosing plotted output reveals the plotting screen.
The screencommandbarhastwo drop-down menus
accessed by selecting Files or Current Data Plot Op-
tions. The Files options are either to open an existing

outputfileortosavethecurrentoutputtoafile,either
of whichleads to standard file open/save dialog boxes.

The Current Data Plot options selection provides

plots of advance and recession, a runoff or tailwater
hydrograph, depth of water at the end of the field, and
the distribution of applied depths over the field. Figure
4B-13 shows a typical plot of the advance recession
data, as well as data from recorded field measurements.
Figure 4B—-14showsatypicaltailwater hydrograph and
figure 4B-15shows the plot of infiltrated water.

Design

TheSurface softwareincludes aninteractivefield
design program located within the input data tabbed
notebook. This panel is shown in figure 4B-16.

Input data for design

Although the interactive design process does not
requireall ofthedataneededfortherespectiveinput
tables,itis prudent toenter all of the information for
the input tabbed notebook table: Inflow Controls, Field
Topography/Geometry,and Infiltration Characteristics.
The hydrograph inputs are not required because de-
signs arebased on afixedinflowrate. There arethen
fivespecial inputsforthe design process:

e total available flow
e total time flow is available

e maximum nonerosive flow velocity

design flow per unit width

e design cutoff time

Thedesignflow per unit width and the cutofftime may
be different than the simulated unit inflow and the time
of cutoff entered into the inflow controls table. If

the Calculator button is selected on the main window
command bar, the simulation will be different than if
the Simulate Design button in the design panelis
selected. The flow, time of cutoff, and run length can
be different.

Total available flow
The field water supply is defined by its discharge,
duration, and frequency of availability. For design
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Figure 4B-13  Typicaladvance/recession plotfrom the Surface graphicsoutput
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Figure 4B-15

Typical plotofintake distribution for the Surface graphics output
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Figure 4B-16
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purposes, the total available flow entry on the design
panel should be the maximum available to the field.
This should be a relatively reliable maximum since the
field configuration will depend on this flow for efficient
operations.

In many cases of surface irrigation, the available flow
from the delivery system will not efficiently irrigate the
entirefield atone time, or with one set. The field must
be partitioned into sets which are irrigated sequential-
ly. Thenumber of sets dependsonthetotal available
flow as follows:
QW L
NS _ o f

QwR, (eq. 4B-8)

where:

N, =numberof setsrequired toirrigate thefield
W, =width of the field

w =unitwidthinthesameunitsasW;

Q =totalavailable flow

Q, =designflowinthe same units as Qy

L =lengthofthefield

R;, =runlengthinthe sameunitsasL

Asanexample, supposethefieldis2,361feetin width
and shouldbeirrigated by furrows spaced at 3-foot

intervalsand withaunitflow of24 gallons per minute.
Thefieldis 1,180feetlong, but willbe subdividedinto
590-foot-long furrows. If the available flow to the field
152,376 gallons per minute, the numberof sets will be:

(24 gpmx 2351 ft)( 1180 ft)

NS:L2376gpm ><8ftJL 590 £t )
=16

(eq. 4B-9)

Total time flow is available
Dependinguponthepoliciesofthe delivery system,
there maybe alimit on the time the flow will be made
available to the field. For instance, many systems oper-
ateonarotational delivery scheme where thefield can
receive water every 7 to 21 days for a fixed number of
hours. Supposethesettime orthetimerequired by
each settocompletelyirrigateitis4hoursor 240 min-
utes. The time needed to irrigate the entire field is:

T, =N, xt, =16 sets x4 hrs/set = 64 hrs (eq. 4B-10)

where:
T, =totalrequired time
t., = cutoff time for each set

Therequiredtotaltimetoirrigatethefieldhastobe
lessthantheactual totaltimetheflowisavailable, or
else, the field must be irrigated at different times.

Maximum velocity

Topreventerosion, the designer willneed to place an
upperlimitonflowvelocity overthefield. Thislimit
may be as low as 30 feet per minute for erosive soils to
ashigh as 75 feet per minuteifthe soilis quite stable.
Theactual velocity overthefield willbe highest atthe
field inlet and will depend on the unit discharge, field
slope, and field roughness.

Generally, erosive velocity is more of a concern in
furrow irrigation than in border irrigation. It is gener-
allynotaconcerninbasinirrigation exceptnearthe
delivery outlets. Typical values of maximum velocity
forfurrow systems are showninthefollowingtable.

Soil type Suggested maximum
nonerosive velocity
(ft/min)

Fine sands 30

Sandy loams 36

Silt loams 39

Clay Loams 49

Clay 75

Design flow

The performance of surface irrigation systems is
highly dependent on the unit discharge, thus, this
parameter may be the most important management
parameter either the designer or irrigator considers.
Unitflowsthataretoosmalladvanceslowlyandcan
resultin poor uniformity and efficiency, as well as ex-
cessivedeep percolation. Flowsthatare toohigh may
resultinlow efficiencies due to excessive tailwater or
downstream ponding; although, the uniformities will
typically be high.

In an interactive design process, the designer searches
for a design flow that maximizes efficiency subject to
alowerlimitonadequacy. For example, one may wish
to find the flow that maximizes irrigation or applica-
tion efficiency while ensuring that at least 95 percent
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of the field root zone deficit has been replaced by the
irrigation.

Cutoff time

Shuttingtheflowoff whenirrigationiscompleteis

one of the most important operational parameters in
surfaceirrigation and onethatisoften mostdifficultto
determine. Many irrigators choose convenient cutoff
times, alsocalled settimes, toreduceirrigatingtimeor
movethe delivery from set to set at easily scheduled
times.

Designed cutofftimesshouldbe aninteger fraction of
adayandhourly. Forinstance, one could have 1, 2, 3,
4,6, 8,and 12hours set timesin 1 day. Setting a cutoff
time of 252 minutes is unworkable without automa-
tion. Under severe water supply constraints, many
irrigators manage their water on intervals that are
highly variable and often at intervals of much less than
an hour.

Field layout

Ontheright side of the design panel, the Surface
softwareincludesafield dividertool (fig. 4B—16). Two
up-downbuttons are provided atthe top of arectan-
gular representation of the field. Note the width and
lengthscalesarenotequal sothatverywidefieldsstill
assume the vertical rectangular shape.

Byclickingontheverticalup-downbutton thefield
can be subdivided along its length axis. Likewise, by
clicking on the horizontal up-down button, the field
width can be subdivided. Each rectangular subdivision
represents one set in the irrigation scheme. The easi-
est way to interactively design a surface irrigate field
with the Surface software is to determine the most
efficient unit discharge and then subdivide the field
until the constraints on total available supply and total
available time are satisfied.

In many situations, the fields that require redesign
have irregular shapes. It may be necessary to partition
thefieldintotwoor more separately managed unitsto
achieve a square or rectangular layout. In other cases,
itmaybenecessary to design for a single field dimen-
sionlikethe averagerunlengthorasetofaveragerun
lengthscorresponding tothe dimensionsofthe ex-
pected setlayout. Itisalways good practice to evalu-
ate the extreme conditions like the maximum and

minimum run lengths to anticipate the management
problems the irrigator will face.

Simulation of design

The interactivity of the Surface design program-
ming is accessed by clicking on the Simulate Design
button atthe bottom of the design panel. Therun
time advance, recession, tailwater hydrograph, and
resultswill show onthe main screen. Theresults will
alsobeposted onthe design panel. During the design
simulation, the input tabbed notebook will be hidden
until the simulation is completed. If the simulation is
interrupted, the user willneed toclick on the button
to make the tabbed notebook re-appear. Iteratively
choosing the design flow, cutofftime, and if necessary,
therunlength will allow the usertodevelop designs
that produce maximum efficiencies and uniformities.

Results

Each design simulation produces an estimate of its
performance with six indicators:

e Application efficiency—the percentage of the
fielddelivery thatwascapturedintherootzone
of the crop

o Irrigation efficiency—an extension of applica-
tionefficiency toincludeleaching water where
a leaching fraction has been specified

e Requirement efficiency—the percentage of the
rootzonedeficitthatisreplaced during their-
rigation

e Distribution uniformity—the ratio of applied
waterintheleast watered 25 percentofthe
fieldtotheaverageovertheentirefield

o Tailwater fraction—the fraction of applied ir-
rigation water that runs off as tailwater

e Deeppercolationfraction—thefractionofap-
plied water percolating below the root zone.

Printed output

A printout of the principle input data and a graphical
printofthe design panel canbe obtained by clicking
the Print Input Data and The Design Panel but-
ton. The graphical printout ofthe design panel will be
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the same asillustrated in figure 4B—16. When the print
buttonis pressed, a screen popsup (fig. 4B—17) that
allowstheusertoinputvariousprojectdatathatwill
beincludedontheprintout.

Sample data sets

FreeDrainingFurrow_1.cfg

The FreeDrainingFurrow_1 data set describes a
64-acre, furrow-irrigated field supplied by a well with
acapacityof2,400 gallonsper minute. Thefurrows
areirrigatedon 30-inch spacings. Thesoilisasiltloam
withanaverage6-hourintakerateof0.2585 cubicfoot
per foot per hour which, within the 2.5-foot furrow
spacing, is 1.24 inches per hour (curve no. 1.00-1.50).
Thetargetdepthofapplicationis4inches. The furrow
streamis 32gallonsperminute witha9-hourcutoff

time. The maximum nonerosive velocity of 39 feet per
minute was taken from the table shown earlier.

A simulation of these data reveals that substantial
overirrigationoccurs atthe upperendofthefield, and
substantial under irrigation occurs at the downstream
end. The application efficiency is about 42 percent,
primarilybecause morethan55percentoftheinflow
waslostindeep percolation. Fora4-inchirrigation, it
would require only 160 minutes to infiltrate the desired
depth. The 9-hour cutofftime allows a full irrigation at
the downstreamend ofthefield.

FreeDrainingFurrow_2.cfg

The FreeDrainingFurrow_2 data describe a 113-acre

field supplied by acanal. Thetypicalcanalflowthatis
available tothefieldis 10.0 cubicfeet per second. The
field is currently irrigated by furrows on 30-inch spac-

Figure 4B-17

ProjectDataForm for design printout

H_,_. ProjectDataForm

OwneriOperator Date
[William T.Jones |1!07J2005
Location Field No./Description
Delta, Utah Field W65
Designed By Field Office
Jeffery L. Swenson Provo, Utah
Soil Name/Description Job Class
Sutherland Clay Loam NIA
v OK | X Cance! |
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ingswith arequireddepthofapplicationof 3.5inches.
Thesoilisaclayloamwithanaverage 6-hourintake
rate of 0.052 cubic feet per foot per hour or 0.25 inches
per hour (curve no. 0.25) over the 2.5-foot spacing of
the furrows. An inflow of 0.033 cubic feet per second
1s being applied over a 24-hour set time. The maximum
nonerosive velocity was assumed to be 49 feet per
minute.

The uniformity of this irrigation is excellent at nearly
97percent, butthe application efficiencyis poorat
only52percentprimarilybecausenearly 40 percent of
theappliedwaterislostastailwater. Thereisabout7.5
percent deep percolation which is excessive given the
leachingfractionof 5 percent.

FreeDrainingBorder_3.cfg

Thisdatasetdescribesa33-acrefield suppliedbya
wellwith acapacity of 3,400 gallons per minute. The
soilisaclaybutwithanaverage6-hourintakerate
of 0.54inches per hourin part because of a cracking
component.

The field is currently irrigated as a free-draining border
using 1,200-foot runs and a unit flow of 13.5 gallons
per minute per foot. The inflow is cutoff at 4 hours and
beforethe end ofthe advance phase. The resulting
application efficiency is 69 percent. The field requires
aleaching requirement of 9 percent, but this irrigation
configuration produces a 20 percent deep percolation.
In addition, more than 11 percent of the inflow result-
ed in tailwater.

Thisfieldhas agrass surface thatisdescribedbya
Manning’s n value of 0.18 during both initial and later
irrigations.

FreeDrainingBorder_4.cfg

The FreeDrainingBorder_4 data describe a 24.7-acre
field irrigated by canal water supply having a maxi-
mum flow rate of 6 cubic feet per second and a maxi-
mum availability of 48 hours. The soil intake charac-
teristics were selected on thebasis of NRCS curve 0.50
which has an average 6-hour intake rate of 0.5 inches
per hour.

Based on the simulation of this field using the NRCS
0.501intake curve and a unit flow of0.036 cubicfeet
per second per foot applied for 4 hours, the applica-
tion efficiency of this system would be about 39 per-
cent due primarily to a loss of almost 44 percent of the
inflow to tailwater. A 10 percent leaching requirement
wasmorethansatisfied withthenearly 17percentof
deep percolation.

BlockedEndBorder.cfg

Thisdatasetdescribesaborderirrigatedfield of 33
acres having 1,200 foot dimensions. It has a relatively
steep slope of 0.00264, but also relatively rough sur-
faceindicated by a Manning’sn of0.24 forinitial and
laterirrigationsduetoacroplike alfalfa growingin
the border.

The6-hourintakerateforthissoilis0.55inches per
hour. The target application depth is 3 inches, and with
the intake coefficients given will require an intake op-
portunity time of about 312 minutes for initial irriga-
tions and 441 minutes for later irrigations.

With a unit flow of 0.025 cubic feet per second per
foot,thefieldirrigateswith anapplication efficiency of
66 percent. The 5 percentleachingfractionisexceed-
ed by a deep percolation of about 33 percent.

Basin_b5.cfg

The Basin_5 data comes from a 19.7-acre field irrigated
by a canal water supply limited to 5.3 cubic feet per
second over a 48-hour period. The soilhas a 6-hour
intakerate of 0.95inches perhour, whichistypical

of siltloam soil. The target depth of applicationis4
inches.

Asimulationofthedataasgivenshowsanapplication
efficiency of about 57 percent due primarily to a deep
percolationlossof about 43 percent. The flow barely
completestheadvance phaseinthe 7hoursofapplica-
tion, so there is also substantial underirrigation near
thedownstream endofthebasin.

(210-VI-NEH, September 2012) 4B-21



Appendix B

NRCS Surface Irrigation Simulation,
Evaluation, and Design software

Part 623
National Engineering Handbook

Basin_6.cfg

The Basin_6 data comes from a large 193-acre basin
system with a clay soil (the average 6-hour intake rate
is 0.47 in/h). An irrigation district supplies water to the
field with an upper limit on flow of 16 cubic feet per
second and availability of 96 hours per irrigation.

Under present operations, the application efficiency is
about 63 percent. A 5 percent leaching requirement is
exceeded by a deep percolation loss of more than 36
percent of the inflow.

CutbackDesign.cfg

A furrow-irrigated field of about 21 acres is supplied
byawell with a capacity of 1,200 gallons per minute.
Eachfurrowisinitiallyirrigated withaflowof 14
gallons per minutethatisreducedto 8.4 gallonsper
minute after the advance phase is completed. The total
set time is 12 hours, and the resulting application ef-
ficiencyis more than 79 percent. If the cutback isnot
initiated, the application efficiency would decrease
to51percentasthetailwaterlossesincrease from21
percentto about 49 percent of the total inflows.

The soil of thisfield is a clay loam with an average
6-hour infiltration rate of 0.24 inches per hour (curve
no.0.25) overthe 2.5-foot spacing of the furrows. The
targetapplieddepthis2.5inches, whichisnotquite

satisfied. Thereisalsoa 5 percentleachingtoconsider.

FreeDrainingFurrow_1Surge.cfg

Thisis asurgeflow data set for the datain
NEH623.0401(g)(1).

Field evaluations

Standard field evaluation procedure

Thebasicobjectiveofasurfaceirrigationfield evalu-
ationistoestablish awaterbalanceforthefield and,
thereby,identify each ofthe componentsnecessary to
determine the efficiencies and uniformities.

Flow shape

Toestimate flow depths, itisnecessary to describe
the shape of the flow cross section. For borders and
basins, thisshapeisgenerallyassumedtobeawide
rectangular sheet that can be evaluated by examin-
ingaunitwidth within theborderorbasin.Infurrow
irrigation, however,itisnecessary todescribethe
actual shape so that relationships between depth and
area and/or wetted perimeter can be calculated. Fur-
row shapes are nearly always irregular, but can be
described using a series of power functions.

Figure 4B-18illustrates the basic border/basin and
furrow shapes.Measuring afurrow cross sectionin
the field involves four simple measurements: total
depthofthefurrow,Y , ;basewidth, Base;topwidth
attheY . depth,T . ;andfurrowwidthatadepthof
Y, .o/2, T iq- Theunitsof Y, ., T, ...and T, , arefeet.
The units used in the input boxes of the Surface soft-
ware are inches. The values of y,, y,, 6,, 55, p;, and p,
dependontheunitsused.InSurface software, only the
metric values are displayed. These variables are calcu-
lated and used by the Surface software. For a detailed

description of these parameters see NEH623.0401(c).

Figure 4B-18  Cross-sectional shapes for furrow and
s  border/basin irrigation
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Example—Rather than demonstrate the computations
of NEH623.0401(c)inalaboriousexample,openan
application of the Surface software. From the main
screen, click on the input data button to open the
input tabbed notebook with the software’s default data
set (fig. 4B-19).

Make sure the field system is furrow irrigation by
checking the Furrow Irrigation button. Then enter
15.1 inches for the top width, 12 inches for the middle
width, 2inches for the bottom width, and 4 inches for
the maximum depth.

Supposethisfurrowhadaslopeof0.0001,aManning’s
nof0.025, and was conveying a flow of 17 gallons per
minute. What would be the depth, wetted perimeter,
and cross-sectional area? The answer canbe found by

enteringtheslope, Manning’sn, furrow topwidthand
flow in the Manning’s Equation Calculator. The result
will be 0.288 feet. The Manning’s Equation Calculator
canbe viewed or hidden by clicking on the appropri-
atebutton. What would the flow depth beifthe system
was a border of the same slope? This can be deter-
mined by clicking on the Border/Basin check box
andreenteringtheslope, Manning’sn,ortheflow.The
result will be 0.094 feet.

Advance and recession

Most general evaluation procedures recommend that
advance and recession be measured at several points
alongthefield. However, these data donot provide
sufficient information to justify the added labor associ-
ated with the evaluation and certainly not the prob-

Figure 4B-19

Crosssection evaluation using the Surface software

B2 ricid Geometry
Field Length, ft 1181.1
Field Width, ft  656.2

Manning - n Yalues

2]

* Furrow lrrigation

Downstream Boundary
¢ Free Draining
" Blocked

Field Slopes

¢ Simple Sloped Field
" Compound Sloped Field

Field Slope 0.00800

B

Inflow Controls Field Topography/Geometry | Infiltration Characteristics l Design Panel | Hydrograph Inputs

First lirigations 0.040
Later lrigations 0.030

Furrow 3.28

Spacing, ft
Field System Manning Formula Calculator
" Border/Basin lrrigation v Aiew

" Hide

Flow Cross-Section
Top Width (in) 14.173
Middle Width (in) 11.024
Bottom Width (in) 3.937
Maximum Depth (in) 4724

Traaoc Furrows
—

b :
«’\_ Tmid _4 i)

Base

Manning Equation Calculator

Slope lm

Manning n ]m

Flow. gpm [31.7006

Depth, ft | 0.0000

Area, it"2 | 0.0000

Top Width, ft | 0.0000
Wetted Perimeter, ft ,W
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lems associated with trafficking within the field. The
readingsthat are mostimportant are those shownin
the advance-recession graph in figure 4B—20, namely:

e start time

time of advance tothefield midpoint
e timeofadvance

e time of cutoff

e timeofrecessionatthefieldinlet

e recession time at the field midpoint

e timeofrecession

As a practical matter, the start time, time of advance,
andrecessiontimeareallavailablefromtheinflow
and outflow hydrographs if the field is free draining.
Blocked-endfields willrequire therecession time tobe
noted when the ponded water vanishes.

Example—The following example demonstrates the
two-point method described in NEH623.0401. In the
example data set labeled FreeDrainingFurrow_2.cfg,
field dataarereportedforadvance andrecession mea-
surements in the hydrographs inputs panel of the input
tabbed notebook. Calculate the advance and recession
curves for this field evaluation.

Figure 4B—20  Field measurement points for advance and
e recession evaluations in the field
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The advance curve represented by equation 4-53 is
determined. Theadvancetimetothe midpointofthe
field given by the station at 1,013 feet is 116.0 minutes,
andtheadvancetimetotheendofthefieldat2,050.5
feet is 352.7 minutes. These numbers are shown under
the Two-Point button on the infiltration character
istics panel. They are also indicated in the Advance
and Recession spreadsheet on the hydrograph inputs
panel. The inflow is shutoff at 1,440 minutes. The time
of depletion, t;,attheinletis 1,444 minutes as shown
at the recession time in the hydrograph inputs panel.
The time of recession at 1,013 feet, t,; ,along the fur-
rowis 1,482 minutes, andtherecessiontime attheend
ofthe furrow, t., is 1,502 minutes.

Infiltration

Notonlyisinfiltrationoneofthe mostcrucialhydrau-
lic parameters affecting surface irrigation, but it is also
one of the most difficult parametersto assess accu-
rately in the field. The importance of knowing the infil-
tration functionto describe the hydraulics of a surface
irrigation event, along with the inherent difficulties in
obtaining reliable estimates of this parameter, means
that the investigator should expect to spend consider-
able time and effort in assessing infiltration before pro-
ceeding with the design of a surface irrigation system.

Volume balance equation

An alternative to making individual point measure-
ments of infiltration is to compute a representative
intake from advance, recession, and the tailwater
hydrograph, if available. This involves a two-level
iterative procedure.

Volume balance estimate of Kostiakov a, K,
and F,

Data from the field evaluation will have defined Q,
(and, therefore, A ),aswellast 4 ,t; (and, therefore,
r,V,,V, ,andc ). The unknowns are the intake
parametersa, K, and F_ (ora, k,f , and cif the border/
basinevaluationisbeingconducted). Thevalueofthe
crackingterm cor C, mustbeinput separately,ifitis
known.

Asnoted in NEH623.0401, the procedure for finding
intakeparameterisiterative.
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Example—To demonstrate this procedure,
Open an application of Surface.
* Loadthe data file FreeDrainingFurrow_2.cfg.

* Opentheinputnotebook by clicking the input
button.

Select the Input Control panel.

*+ Click the Continuous Inflow Hydrograph
button.

Simulatethe system by clicking on the Ex-
ecute Simulation button.

Figure 4B—21 shows the result of the advance/re-
cession plot, and figure 4B—22 shows the tailwater
hydrograph.

Exceptfortherecessioncurve,thehydrographdata

in the FreeDrainingFurrow_2.cfg data set are not
simulated well, and the intake parameters need to be
adjusted. Actually, the hydrograph data were derived
from a furrow of similar characteristics but different
intake parameters. The inflow for the hydrograph data
1s0.033 cubicfeet persecond, whereas, theintake
parametersinthedataset werederivedfrom aninflow
0f 0.022 cubic feet per second.

To calibrate the intake parameters using the volume
balance procedure, click the Infiltration Charac-

teristics panel, and set the Q; ;, box to 0.033 cubic
foot per second. Make sure the Continuous Inflow
Hydrograph button in the Input Control is selected
and thatthe parametersin the boxesbelow the Two-
Point button are set to 352.7 minutes, 116 minutes,
and 1,013 feet, respectively. Then click the Two-Point
button, and notice that the a and K parameters are
adjusted to 0.2473 and 0.01859, respectively. Repeat
the simulation using these data by clicking on the
Execute Simulation button. Finally, activate the ad-
vance/recession and tailwater runoff hydrograph plots
as presented in figure 4B—23. The runoff hydrograph
willlook aboutthe sameasfigure 4B—22.

The volume balance procedure calibrated the intake
parameters so they produced an accurate simulation
of the advance trajectory, but under estimated the
volumeoftailwaterindicatingthatthevalueofF,is
toolarge. Toadjust the calibration soboth the advance
trajectory and the tailwater hydrograph are simulated

accurately, reduce the value of F' , by trial and error,
click on the Two-Point button toadjustaand Kwith

eachF trial, and thenre-runthe simulation. When
the valtie of F isabout 0.00025 cubic foot per foot
perminute, als 0.3273,and Kis0.01432cubicfootper

foot per minute?, the advance fit will appear like figure
4B—24 and the tailwater plot like figure 4B-25.

Figure 4B-21

Advance/recessioncurvefortheexample
FreeDrainingFurrow_2.cfg data

Figure 4B-22

Final simulated tailwater hydrograph for
FreeDrainingFurrow_2.cfg data
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Figure 4B—23  Correctedadvance/recessioncurvefor Figure 4B-25  FreeDrainingFurrow_1 tailwater
s Free-DrainingFurrow_2.cfg data s hydrograph

Figure 4B-24  FreeDrainingFurrow_1 advance/recession
s trajectory
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Design examples

Thevast majority of design effortsinthe surface
irrigation arenawillbe devoted to modifyingorfine
tuning systems already in place rather than develop-
ing entirely new systems. Perhaps a more descriptive
term wouldberedesign. Onecanreadily see different
designobjectivesinthe two viewsof surfaceirrigation
design. The focus of new system designisto create a
workable, profitable, and effective system. The focus
of redesign or design modificationis conservation of
water, labor, soil, and capital resources.

Thecontextofthissectionisredesigning surfaceir-
rigation systems for improving their performance. The
term designwillbeusedinthe discussion and exam-
plestobeconsistent with historical practice.

The difference between an evaluation and a design

1s that data collected during an evaluation include
inflowsandoutflows, flow geometry,length and slope
ofthefield, soilmoisture depletion,and advanceand
recession rates. The infiltration characteristics of the
field surface canthenbe deduced and the efficiency
and uniformity determined for that specific evalu-
ation. Design procedures, on the other hand, input
infiltration functions (including their changes during
the season and asflowschange), flow geometry, field
slope andlength tocompute advance and recession
trajectories, the distribution of applied water, and
tailwater volumes or pond. The design procedures
also determine efficiencies and uniformities. However,
the design process can be applied to many more field
conditions than an evaluation to determine efficien-
cies and uniformities through of the surface irrigation
model, NRCS Surface.

Therearefivebasic Surfaceirrigation design prob-
lems:

o free-draining systems

e Dblocked-end systems

o free-draining systems with cutback

o free-draining systems with tailwater recovery
and reuse

o surgefl systems

Thephilosophyofdesign suggested hereistoevalu-
ateflowratesand cutofftimesforthefirstirrigation

following planting or cultivation when roughness
andintakeareattheirmaximums,aswellasforthe
third or fourth irrigation when these conditions have
been changed by previous irrigations. This will yield
adesignthatwill have theflexibility torespond tothe
varying conditions the irrigator will experience during
the season. All of the specific datarequired for design
wereenumeratedinthedescriptionoftheexample
datafiles.

Example Free-draining Furrow Design

Open the Surface software, load the
FreeDrainingFurrow_1.cfg data file supplied with the
software, and execute the simulation programming for
the initial intake condition. At the end of the simula-
tion, observe the distribution of infiltrated water and
runoff, aswellasthevariousefficiencies and uniformi-
ty that were determined. Then click on the Plot Out-
put Results, and from the pull-down menu Current
Data Plot Options, select Advance Data and then
Tailwater Data. These two plots are reproduced here
as figures 4B—24 and 4B—-25. The specific uniformity
and efficiency terms associated with this irrigation are
shown in the Simulated System Performance box in
the lower right of the simulation screen.

The distribution of applied water from the main simu-
lation screenisreproducedinfigure 4B—26,aclassic
case of a field that is too long for the soil intake char-
acteristics. Even with a furrow stream of 32 gallons
per minute, the advanceis not completed for almost 5
hours. At the inlet where the intake opportunity time
neededwasonly 160 minutestoapplythe 4-inch depth
required, the actual depth applied is almost 9.5 inches.

Tobegin examining alternatives to improve this irriga-
tion, open the input tabbed notebook by clicking on
theinputbutton. Then select Design Panel, shownin
figure 4B-217.

Thefirstobservationthatcanbe madeisthetotal flow
required to irrigate the entire field simultaneously
(showninred)is morethan 30,000 gallons per minute,
whichismorethan 12timestheflowavailable (2,400
gpm). Click on the right field layout side-to-side button
until the conflict between available flow and required
flow is resolved by irrigating in sets. Thirteen sets are
requiredtosatisfy the flow constraint, but,in doingso,
totaltimethe supplyneedstobeavailablehasin-
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Figure 4B-26  Soil moisture distribution from FreeDrainingFurrow_1 data
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creasedto 104hours, when, only 96 hours are allowed.
There does not appear to be a feasible design option
irrigating the full length of these furrows. In cases
whereboth time andflow constraintscanbe managed,
the next stepistodetermineif different flows and
cutoff times would improve the irrigation.

Thenextredesignoptionistochangetherunlength.
This can be accomplished by clicking on the left
up-downbuttontocuttherunlengthinhalf. Then
thefurrow stream size can bereduced along with
changesin the time of cutoff to achieve a feasible and
improved irrigation. Figure 4B—28is the design panel
after a trial and error series of adjustments. To satisfy
the constraints on total available flow and duration,
itwasnecessary todivide the field into 18 sets, all of

which areirrigatedin 4hoursusing a stream size of
22.5 gallons per minute. The irrigation efficiency was
increased from about 53 percent to about 63 percent.
Atthispoint, the user may wish toseeif furtherim-
provements can be made.

Oncethedesignhasbeenmadefortheinitialintake
conditions, itneedstoberepeated forthelaterintake
conditions. Thiscanbe accomplished by selecting the
check box for the later irrigation conditions on the In-
filtration Characteristics panel in the input tabbed
notebook (fig. 4B—29), and repeating the procedure
notedabove. Thedesignforthelaterirrigationswill
beleft tothereadertodo, buttryreducing the number
of sets to 3, increasing the cutoff time to 20 hours, and
reducing the furrow stream to 7.5 gallons per minute.

Figure 4B—28 Improved design for initial irrigations
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One ofthe most difficult aspectsof surfaceirrigationis
the reconciliation of the water supply characteristics
and the on-field irrigation requirements. It can be ob-
served that in the designs described, the flow required
was less than the total available. This assumes the sup-
ply flow rate is flexible. Ifthe design processes are re-
peated with the delivery fixed at 2,400 gallons per min-
ute, the efficiency atthefieldlevel might be reduced
considerably. In the case of the FreeDrainingFurrow_1
example, setting the design flow to 22.86 gallons per
minute for the initial irrigations reduces the irrigation
efficiency by only 1 percent. The later irrigations, in
thiscase, arenot a serious problem. By reducing the
unitflow to 7.62 gallons per minute, itis possible to ac-
commodate the entire 2,400 gallons per minute supply
andachieveaboutthe same application efficiency of
nearly 74 percent.

Example free-draining border design—In an open
instance of Surface, load the FreeDrainingBorder_4.
cfg and execute the simulation for the initial irriga-
tion conditions. Figures 4B-30 and 4-31 show the
advance and recession trajectories and the tailwater
hydrograph. The resulting soil moisture distribution
showsthat mostoftheborderlength wasunderir-
rigated. The application efficiency is only 38 percent,
primarily due toa 44 percentlossoftailwater. The

10 percent leaching fraction is more than satisfied with
anearly 17 percent deep percolationloss.

Both the discharge and the time of cutoff time are too
large. By iteratively reducing the inflow and the dura-
tion of the irrigation, it is possible to substantially
improve the performance of this irrigation. In this
case,itisnotnecessary toadjustthefieldlength since

Figure 4B—29  Selecting the later irrigation conditions
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the advance is relatively rapid. Figure 4B-32 shows
the design panel after several iterations. The irrigation
efficiency hasbeenimproved to about 75 percent, and
the leaching requirement has been met on average, al-
though, not uniformly. The irrigation set time has been
decreased to 3 hoursfrom the original 4 hours, and the
inflow has been reduced from 6 cubic fee per second
to 4.5 cubic feet per second.

The design for the later intake conditions requires
adjustmentstotheflowandcutofftime. By decreasing
the flow to 4.38 cubic feet per second and extending
the cutofftime to 10 hours, the field can beirrigated
inthreesetsachievinganapplication efficiency of 58
percent.

Although this irrigation example has been substan-
tially improved, the performance is relatively poor and
demonstrates two inherent problems with free-drain-
ingborders. First, there canbe as much asfive times
the amount of water on the field surface at the cutoff
time as a furrow system; therefore, tailwater can be
amajor problem. Secondly,if a substantialleaching
requirement is needed, high tailwater losses are un-
avoidable. The best performing borders, like basins,
are those with blocked ends as demonstrated later.

The designer mustnow addresstheissueof whether
the field has to accommodate the full 6 cubic feet
persecond during eachirrigationorwhetheritcan

be operated with a flexible supply flow. For the first
irrigations, the field would need to irrigate with six
sets, each having areduced flow of about 6 cubic feet
persecond. Theirrigation efficiency would decrease
to58percentindicatingthatthe efficiency cost would
beabout 17 percent duetofixing thefield supplyrate.
Laterirrigations would remain the same.

Blocked-end surface irrigation design

Blocking the end of basin, border, or furrow systems
provides the designer and operator with the ability to
achieve potential application efficiencies comparable
with most sprinkle systems. While blocked-end fields
have the potential for achieving high efficiencies, they
alsorepresentthehighestrisktothe grower. Even
asmallmistakeinthecutofftimecanresultinsub-
stantial crop damage due to the scalding associated
with prolonged ponding on the field. Consequently, all
blocked-end surface irrigation systems should be de-

signed with emergency facilities to drain excess water
from the field.

Figure 4B-30

FreeDrainingBorder_4 advance and reces-
sion plots for initial irrigations
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Figure 4B-32  Design panel for the final design of the FreeDrainingBorder_4 initial irrigation example
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Figure 4B—33 showsthe fourstagesoftypical blocked-
end irrigation. In figure 4B-33(a), water is being added
to the field and is advancing. In figure 4B—33(b), the
inflow has been terminated and depletion has begun
attheupstream end of the field while the flow at the
downstream end continues to advance. This is impor-
tant. Typicalfield practicesforblocked-end surfaceir-
rigation systems generally terminate the inflow before
theadvancephasehasbeencompleted.

In figure 4B—33(c), the depletion phase has ended at
theupstreamend, theadvancephasehasbeencom-
pleted, and theresidual surfaceflowsarepondingbe-
hind the downstream dike. Finally, in figure 4B—-33(d),
the water ponded behind the field dike has infiltrated
or been released, and the resulting subsurface profile
isuniform alongtheborder and equaltotherequired
or target application.

The dilemma for the designer of ablocked-end surface
irrigation system is in determining the cutoff time. In

practice, the cutoff decision is determined by where
theadvancingfronthasreached. Thislocation maybe
highly variable because it depends on the infiltration
characteristics of the soil, the surface roughness, the
discharge at the inlet, the field slope and length, and
the required depth of application. Until the develop-
mentandverificationofthe zeroinertiaorhydrody-
namic simulation models, there were no reliable ways
topredict the influence of these parametersor totest
simple design and operational recommendations.

One simplified procedure for estimating the cutoff
timeisbasedontheassumptionthatthefield control
pointis atthefieldinletforblocked-end systems. By
settingthefield control pointatthe upstreamend of
thefield, the cutofftimeis approximated by thein-
take opportunity time, treq and is independent of the
advance time, t; . The specificcutofftime, t  , maybe
adjusted for depletion asfollows:

t =«xt

co req

(eq. 4B-11)

Figure 4B-33  Stages of a blocked-end irrigation

——
Surface and Subsurface Flow Profiles
Flow depth Flow depth
Intake Intake
(a) (b)
Flow depth / Flow depth
! } ! . t } } L
———————— |
Zreq Zreq
Intake Intake
@ @

(210-VI-NEH, September 2012)

4B-33



Appendix B

NRCS Surface Irrigation Simulation,
Evaluation, and Design software

Part 623
National Engineering Handbook

where xisasimple fraction thatreducest  suffi-
ciently tocompensate for the depletion time. Asarule,
xwould be 0.90 for coarse textured sandy and sandy
loam soils, 0.95 for medium textured loam and silty
loam soils, and 1.0 for clay and clay loam soils.

The volume of water the designer would like to apply
to the field is as follows:

Vieg = W2, WL (eq. 4B-12)
where!
req = volume of water applied
\ = efficiency/leaching factor
Zyoq = depth of water required
W = widthof areairrigated
L = lengthofareairrigated

inwhich the yis greater than 1.0 to allow for some
deep percolation losses (leaching). If, for instance, the
value of wis 1.0 foot and with Land z , alsoin feet,
thenV,  isincubicfeet. Ifablocked-end system could
apply Vi uniformly, it would also apply water with
100 percent application efficiency. Although a blocked-
end system obviously cannot do so, the designer
should seek amaximum value ofefficiency and uni-
formity. Since equation 4B—12 represents the best first
approximation to that design, it is at least the starting
pointinthedesign process.

Giventhattheinflowwillbeterminatedatt, ,the

inflow rate must be the following to apply V]Ceq tothe
field:

e (eq. 4B-13)

The procedure for selecting t,, and Q, for blocked-end
systems given above is very simple yet surprisingly
reliable. However, it cannot workin every case and
needstobecheckedbysimulating theresults with the
Surface software. The risk with the simplified proce-
dureisthatsomeofthefield willbe underirrigated and
using equation 4B-13 to select a flow rate rather than a
morerigorousapproachwillbeconservative.

Example blocked-end border design—Open the file
BlockedEndBorder.cfg and examine the input data.
The target application depth is 3 inches and with the
intake coefficients given will require an intake oppor-

tunity time of nearly 312 minutes for initial irrigations
and 441 minutes for later irrigations. However, from
the earlier simulation in which more than 26 percent
oftheinflow as deep percolation, the 3-inch applica-
tionis probably too small. A more realisticvalueis 4
inches.

Asastarting point, assume the valuesofk and y
inequations 4B-11and 4B-12 are0.70 and 1.15, re-
spectively. Accordingly, the times of cutoff can be
estimated to the nearest half hour as 300 minutes and
420 minutes, respectively. From equation 4B-12, the
volume needed toreplace the soil moisture depletion
1s460 cubicfeet per foot, sothat from equation 4B—13,
theinflow should be 2.5 cubicfeet per second initially
(4601t3/300min/60 s/min x 100ft), and then 1.8 cubic
feetpersecondlater.Ifthesevaluesaresimulated
inthe Surface software, theresults, showninfigure
4B-34, indicate an irrigation efficiency of more than 66
percentinboth cases, but the uniformity is poor
neartheendofthefield. Succeedingiterationscanbe
simulated by making small adjustments to the cutoff
time and the inflow, but these will produce only small
improvements. Further improvements will require
either shortening the run length or flattening the lower
25 percent ofthe field to improve uniformity at the end
ofthefield.

Design procedure for cutback systems

The concept of cutback has been around for a long
time. Arelatively high flowisused atthe startofan
irrigationtospeedtheadvancephasealong,andthena
reduced flow is implemented to minimize tailwater.

The Surface software does allow one to simulate the
conceptual cutback regime for both continuous
andsurgefl  systems. Cutback irrigation involves a
high continuousfl  until the advance phase is near-
ing completion or has been completed, followed by a
period of reduced or cutbackinfl ~ priortothetime
of cutoff. The concept of cutback is more applicable to
furrow irrigation systems than border systems and is
illustrated herein.

Example furrow cutback design—Run the Surface
software with the CutbackDesign.cfg file loaded. The
datafileintheinputtabbed notebookindicatesthe
inflow regime has been defined by checking the Con-
tinuous Flow w/Cutback box, and inputting 0.60 for
thevalueofcutbackratioand 1.05for the CBlength
fraction. Afterlooking atthedata, clickon the run

4B- (210-VI-NEH, September 2012)



Appendix B NRCS Surface Irrigation Simulation, Part 623
Evaluation, and Design software National Engineering Handbook

Figure 4B-34  Simulation of the BlockedEndBorder.cfg data
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button. The simulated flow willcompletetheadvance Figure 4B-35  Simulatedtailwater hydrographusingthe
phase and thentheinflow willbereducedresultingin m—  CutbackDesign.cfg data file

the tailwater hydrograph (fig. 4B—35).
Runoff rate, ft?/s

Ifthe cutback ratioistoo small, the reduced inflow 6.0
wave will reach the end of the field and the down- -
streamend ofthe field will dewater. Forexample, set 5.0
the cutback ratio to 0.50 and repeat the simulation. r
The version of the Surface software provided at the 401~

time of this manual cannot simulate this condition reli-
ably. Consequently,analertwillbe presentedonthe
screen and the simulation stopped. As instructed, the
user should adjust either the Cutback Ratio or the e
CB Length Fraction until the downstream does not

3.0

dewater. 10
Design of systems with tailwater reuse 10 30 50 70 9.0 11.0 13.0
Toillustrate the design strategy for reuse systems, Elapsed time, h

an exampleispresented using the Surface software.

The procedures and equations used in this example
are described in NEH623.0402(c)(4). A typical reuse
system shown is schematically in figure 4B—36 and is
intended tocapturetailwaterfromonepartofthefield
andirrigate one ofthe sets.

Figure 4B-36  Schematic tailwater reuse system
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Ifthe surface runoffistobe captured and utilized on
anotherfield, thereservoir would collect the runoff
fromthensetsoffigure 4B-36 and then supply the
watertotheheadlandfacilitiesofthe otherfield. This
requires a larger tailwater reservoir, but perhaps elimi-
nates the need for the pump-back system.

Inthesimplestcaseof runoffreuse on anindependent
partofafield, thedesignisthesamewhetherthetail-
wateriscollected and reused ontheoriginating field
oron anotherfield. The following procedure below
deals with reuse on the originating field.

Example furrow tailwater reuse design—

As an example of this procedure, consider the
FreeDrainingFurrow_2.cfg data set. Following the
procedure outlined in NEH623.0402(c)(4), the fi  step
istodetermineafl andcutofftimethatachievesas
high of uniformity and effi aspossible.

Oneofthe better optionsisto simply reduce the infl
from 0.033 cubic feet per second per furrow to 0.023 cu-
bic feet per second per furrow, and leave the cutoff time
and target depth as defi This will reduce the tailwa-
ter fraction from about 40 percent to about 20 percent.

Thevolumebalance within each furrowiscomputed
inthe performanceboxin the lower right hand side of
the screen. From the design panel, it can be observed
that the field during this initial irrigation would need to
be dividedintothree sets. Since thefieldis 2,400 feet
wide,andthefurrow spacingis2.5feet, thetailwater
fromthefirstsetandthesizeofthetailwaterreservoir,
would be:

(2,400)( 1) 398(/ Lo 2.92

(250 Nagaee)~ T

From equation 4B—-13, the number of furrows that can
beirrigated byreuseis:

(eq. 4B—14)

VN
AT
(398)
_ 25
(398+.023x60x1,440)
=160furrows

(eq. 4B-15)

(210-VI-NEH, September 2012)

Thewidthofthefi  that should be irrigated by the
main water supply is 2,400-160 x 2.5=2,000 feet. The
value of 2,400 feet in the Field Topography/Geometry
input panel needs to be replaced by 2,000 feet to recon-
fi thefi ~ width(fi 4B-37).

Computations need to be repeated for the later irriga-
tion conditions. After afew simulations, itcanbe sug-
gestedthatthetargetdepthbedecreasedto3inches,
the time of cutoff be increased to 30 hours (1,800
min.), the furrow streamreduced to about0.01 cubic
foot per second. This will result in a tailwater loss of
about 123 cubic feet per furrow, and the field can be
irrigatedin two sets with the 10 cubic feet per second
available. Following the same process, the number of
furrows that can be supplied by the tailwater reuse
systemis 98. The reservoir volume would need to be
about 3.25 acre-feet for this condition as opposed to
about 2.9 acre-feet for the initial irrigations.

Design of surge flow systems

Arational design procedurefor surgeflow systemshas
notbeen developed and, therefore, isnotincludedin
the design features of the Surface software. Design

1s still possible. The simulation capabilities of the
software can simulate most surge flow configurations,
andthrough atrial and error process, a design canbe
derived that is efficient and effective.

Example surge flow design—The
FreeDrainingFurrow_1.cfg file was used earlier

in the manual to illustrate the problem of irrigat-
ingalongfurrowinarelativelyhighintakesoil.
This1is also one of the conditions that surge flow

was originally thought to offer some advantage.
Thefile FreeDrainingFurrow_1Surge.cfg usesthe
FreeDrainingFurrow_1.cfg data, but with surge flow
selected. The Inflow Regime in the Inflow Control
panelof theinput tabbed notebook hasbeen change
to a surge flow regime by checking on the box labeled
Surge Flow. This displays the Surge Controller panel.
Setthenumberof surgesto 10 surges, and the surge
cycle on time to a value of 30 minutes. The other
values should be set at zero. For the purposes of this
demonstration, the furrow stream has been left at 32
gallons per minute, but the target depth of application
isreduced to 3inches. Also, the time step, Dtm, should
bereducedto0.5minutes. Figure 4B-38showsthe
resulting advance/recession plot. The implementation
of surge flowin thiscase increased the application
efficiency by morethan 16 percentsince thenearly 55
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Figure 4B-37

FreeDrainingFurrow_2.cfg design of the field using the main water supply
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percent deep percolationloss and 1 percent tailwater
loss under continuous flow became a 20 percent deep
percolationloss and a 23 percenttailwaterloss under
the surge flow regime.

Most commercial surge flow valves and controllers
have two features that can improve the application
efficiency of surge flow substantially above that
achieved with a seriesoffixed cycles demonstrated
above. Thefirstofthesefeaturesistheability toiniti-
ate a cutback or soaking phase once the entire furrow
hasbeenwetted. Thisisaccomplishedbyreducing
thecycletimessufficiently sothatsurgecoalescing
occurs within the furrow. As arule, the cycle time
duringthesoaking phaseshouldbe 10 minutesorless.
To demonstrate this, three changes are made in the
FreeDrainingFurrow_1Surge .cfg input. First, the radio
button labeled, By Target Application, zreq should be
checkedin the Simulation Shutoff Control box of the
Inflow Controltabbed panel. Then,basedonthelast
runittakes four surges to advance to the end of the
fieldatthispointcutback should begin. Enter 4 for
thenumberofadvance surgesleavethecycletime

at 30 minutes. Enter 10 for the wetting surges and a
cycle time of 10 minutes. This results in an application
efficiency of just more than 76 percent, or another 19
percent improvement.

The second feature of most commercial surge flow val-
ues and controllersisthe ability toexpand the cycle
time during the irrigation. For instance, setting the
Surge Cycle On-Time to 10 minutes, and then setting
thevalueofthe Surge Adj. Timevalueto5 minutes,
leavethewetting surgesandcycletimethesame.The
resulting application efficiency is almost 86 percent.
The same expanding cycle on-time canalsobeimple-
mented by setting a value of the Surge Adj Ratiotoa
value greater than 1.0. For instance, if this ratiois 1.4
wouldyield an application efficiency of 85 percent.
Note that when using the Surge Adj. Ratio, the value
ofthe Surge Adj. Time should be set to zero. Figure
4B-38showsthe Design Panelforthiscase.Italso
shouldbenotedthat whenthe application efficiencyis
this high that the requirement efficiency and the dis-
tribution uniformity drop indicating under watering at
thetailend of the field.

Example—Head ditch design—Head ditches come
in various configurations, lined and unlined, and
equippedwithdifferent waystodivertwaterontothe
field. These can be designed, asfar as capacity is con-
cerned, with the Manning’s Equation Calculator found
on the Field Characteristics panel of the input tabbed
notebook of the Surface software.

Forexample,inblocked-end border example, thefl
required from the main supply was 10.0 cubicfeet per
second. Ifitis assumed that the head ditchistobe a
trapezoidal concrete ditch running on the 0.0001 cross
slopethenthe questioniswhatthe ditch dimensions
shouldbe. Only certain sizes of these ditches may be
availablefromlocalcontractorsduetoequipment
limitations.

Forthe purposes of this example, a ditch with a 3-foot
depth, 2-footbottom width, slopeof 1.25:1,and Man-
ning’sn0f0.018, a typical value for concrete ditches can
be initially selected. Then using the Manning’s Equation
Calculatorinatrialanderror manner,achannelcanbe
designed. Entertheditchdimensionintothefl  cross
section portion of the panel. The units for this section
areininches, soforthisexample, 116 would be entered
for the top width, 24 for the bottom width, and so forth.
Entertheslope,Manning’sn,andfl  rateinto the
Manning’s Equation Calculator.

This ditch would carry the 10 cubic feet per second f1
atadepthof2.236feet, whichisslightly morethanthe
2.0feetspecifi  under the two-thirds rule noted above.
Increasing thebottom width to 30 inches would yield a
depth of just over 2 feet. When a changeis made in the
ditchcrosssection, thecalculatorisnotautomatically
update, soclickonthefl ratebox,andpressenter
keyagain. The maximumdepthintheditchshouldnot
exceed 90 percent of the depth, or 2.7 feet.

Thisditchissomewhatlarge duetotherelativelyflat
cross slope of the field. It may be useful to construct
theditchonasteepergradebyelevatingtheinlet.
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Figure 4B-38  Surge flow advance and recession plot for FreeDrainingFurrow_1Surge example
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Figure 4B-39

Design panel for the FreeDrainingFurrow_1Surge.cfg example
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Appendix 4C

Glossary

Acft

Advance phase
Advance time (tL)

Application efficiency (Ea)

Available water (AW)

Basic intake rate (f)

Basin irrigation
Block-end

Border irrigation

A common English unit for water volumeis acre-foot. Itis the volume
of water required to cover an acre with water 1 foot deep. One ac-ft
equals 325,851 gallons or 1,233 cubic miles, and 43,560 cubic feet.

The period of time between the introduction of water to surfaceirri-
gated field and the time when the flow reaches the end of the field.

The elapsed time between the initiation of irrigation and the comple-
tion of the advance phase. Usual units are minutes or hours.

Theratioofthe average depth or volume of theirrigation water stored
intheroot zonetothe average depth or volume ofirrigation water
appliedtothefield. Inefficiencies arecaused by deep percolation and
tailwater losses.

Soil moisture stored in the plantroot zone between the limits of field
capacity (FC) and the permanent wilting point (PWP). Sometimes
referred to asallowable soil moisture depletion or allowable soil water
depletion. Usual units areinches of water perinch of soil depth.

The final or steady state infiltration rate of a ponded soil surface. Usual
units are cubic feet per foot of length per minute for furrows and feet
perminuteforbordersandbasins.

Irrigation by flooding level fields. The perimeter of basins is usually
fully contained by surrounding dikes.

The practice of using dikes at the downstream end of the surface ir-
rigated field to prevent or control runoff (tailwater).

A surface irrigation configuration in which irrigation is applied to rect-
angularstripsofthefield. Borderstypicallyhaveaslopeinthedirec-
tion of irrigation, but not laterally.

Bulk density (y,) Mass of dry soil per unit volume. Typical values in irrigated soils range

Cablegation

Chemigation

from about 65 pounds per cubic foot (Ib/ft3) (1.05 g/cm3) for a clay soil
to as much as 100 pounds per cubic foot (1.6 g/cm?3) for sandy soils.

An automated surface irrigation system employing a continuously
moving plug in sloping gated pipe. Outlet flows are highest near the
plug and diminish away from it thereby creating a cutback regime.

Theprocessofapplyingchemicalstoanirrigatedfield throughthe
irrigation stream. Chemigation is also referred to as fertigation when
used to define through-system fertilizer applications.

Consumptive use The water extracted by plants from the soil during their growth pro-

cess or evaporated from the cropped surface (plant and soil). Usual
units are inches.
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Contour irrigation

Conveyance efficiency (Ce)

Conveyance loss

Cropping pattern

Crop root zone

Cumulative intake (z, Z)

Cutback irrigation

Cutoff time (t,)

Cycle time

Deep percolation (DP)

Deficit irrigation

Depletion time (t,)

Distribution uniformity (DU)

4C-2

The practice of arranging furrows, borders, or basins along the natural
contours of a field.

Ratioofthe water delivered, tothe total water diverted or pumped
intoanopenchannelorpipelineattheupstreamend. Inefficiencies
are caused by leakage, spillage, seepage, operational losses, and unac-
countable water due to poor measurement.

Waterlostfrom the conveyance system due toevaporation, seepage
fromtheconveyance (ditch, pipe, canal), leakage through controland
turnoutstructuresorvalves, orisunaccounted for due tomeasure-
ment errors.

Thetermcropping pattern hastwoconnotations. Thefirstisthesea-
sonal sequence of crops grown on a single field. The second is a more
general term describing the distribution of cropped acreages in an
areainanyoneyear.

The soil depth from which crop extracts the water needed for its
growth. Thisdepth dependsonthecropvariety, growth stage, and soil.
Usual units are inches or feet.

The depth (z) or volume perunitlength (Z) of waterinfiltrating a field
during a specified period, usually the time between the initiation of
irrigation and theend of therecession phase. Usual units arefeetor
inches for z and cubic feet per foot of length for furrows.

The practice of using a high unit discharge during the advance phase
and areduced one during the wetting or ponding phase to control
runoff.

Cumulative time since the initiation of irrigation until the inflow is ter-
minated. Also referred to as set time. Usual units are minutes or hours.

Length of water application periods, typically used with surge irriga-
tion. Usual units are minutes.

The depth or volume of water percolating below the root zone. The
depth or volume of deep percolation divided by the average depth or
volume of water applied to a field is the deep percolation ratio (DPR).

The practice of deliberately under-irrigating a field in order to conserve
water or provide a capacity to store expected precipitation.

The elapsed time between the initiation of irrigation and the recession
of water following cutoff at the field inlet. Usual units are minutes.

In surface irrigation, the distribution uniformity is the ratio of the
depth or volume infiltrated in the least irrigated quarter (sometimes
called thelow quarter) of the field to the average depth or volume
infiltrated in the entire field.
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Distribution system

Ditch

Ditch gate

Distribution uniformity (DU)

Effective precipitation

Evapotranspiration
Fertigation

Field bay

Field capacity (W;)

Field length

Flow rate (q, Q

Flood irrigation

Furrow irrigation

Gated pipe

gpm

Head ditch

Infiltration

Infiltration rate ()

Thenetwork of ditches or pipes and their appurtenances, which con-
vey and distribute water to the fields.

Constructed openchannelforconducting water tofields.

Small controlled opening or portalin a ditch used todivert water
directly tofurrows,borders, orbasins.

See uniformity.

Portionoftotal precipitation whichbecomesavailable for plant
growth.

See consumptive use.

See chemigation.

Anarrow stripattheheadof anirrigatedfield whichisconstructed
slightly below field elevation used to redistribute water flowing from a
pipe or ditch before flowing over the field.

The dry weight soil moisture fractioninthe root zone whenvertical
drainage has effectively ceased following irrigation or heavy rainfall.
Generally, field capacity is assumed to occur at a negative one-third

atmosphere oronebar of soil moisture tension.

The dimension oftheirrigated fieldinthe direction of water flow.
Usual units are feet.

The volume of water passing a point per unit time per unit width (q) or
per furrow (Q). Another term for flow rate is discharge. See also unit
discharge. In surface irrigation, flow rate is typically expressed in units
of cubic feet per second or gallons per minute.

An alternative expression for surface irrigation.

The practice of surface irrigation using small individually regulated
field channels called furrows, creases, corrugations, or rills.

Portable pipe with small individually regulated gates installed along
one side for distributing irrigation water onto a field.

Acronym for gallons per minute.

Asmallchannelalongonepartofafieldthatisused for distributing
water in surface irrigation.

The process of water movementinto and through soil.

The time-dependent rate of water movement into a soil. Usual units
areinches or feet per minute or hour.
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Infiltrometer

Intake family

Intake rate

Intake reference flow (Q, ;)

Irrigation efficiency

Irrigation efficiency (Ie)

Irrigation interval

Irrigation requirement

A device, instrument, or system to measure infiltration rates.

Grouping of intake characteristics into families based on average
6-hourintakerates.

A term often used interchangeably with infiltration rate, but in techni-
caltermsistheprocessofinfiltration when the surface geometryis
considered such as in furrow irrigation.

Thedischargeatwhichintakeismeasuredorevaluatedinasurface
irrigation system. Usual units are cubicfeet per secondor gallons per
minute.

In general terms, the efficiency or performance of an irrigation system
ismeasuredorexpressed astheamountofwaterusedbeneficially

by the crops divided by the total amount of water made available to
the crops. To provide more specific assistance in evaluating irrigation
performanceof surfaceirrigationsystemsatthefieldlevel, thefol-
lowing terms have been defined:

Atthefieldlevel,irrigationefficiencyistheratiooftheaverage depth
or volume of irrigation water stored in the root zone plus the depth or
volume of deep percolation thatis needed forleaching tothe average
depth or volume of irrigation water applied. Inefficiencies are caused
by tailwater and deep percolation losses above the leaching require-
ment.

The interval between irrigation events. Usual units are days.

Quantity of water, exclusive of effective precipitation, that is required
for crop demands including evapotranspiration and leaching, as well
asspecialneedssuch asseedbed preparation, germination, cooling
orfrosts protection. Where thereis an upward flow from a shallow
groundwater,itshould reduce the amountof waterrequired from

the irrigation system. The irrigation requirement is often called the
netirrigation requirement. Recognizing that no irrigation system can
exactly supply the irrigation requirement due to inefficiencies, a gross
irrigation requirement is often estimated by dividing the irrigation
requirement by an irrigation efficiency term. Usual units are inches.

Irrigation set A subdivision of the field that is individually irrigated. Sets are gen-

Land leveling

erallyrequired wheneverthe supply flowistoosmalltoirrigatethe
entirefieldatonce.

A general reference to the process of shaping theland surface for
better movementofwater. Amorecorrect termisland grading. When
land grading is undertaken to make the field surface level, the term
landleveling canbeused as a specificreference. Related terms are
land forming, land smoothing, and land shaping.

(210-VI-NEH, September 2012)



Appendix C

Glossary

Part 623
National Engineering Handbook

Leaching

Leaching fraction (LF)

Management allowable depletion
MAD (2., Zy,)

req’

Opportunity time (rreq)

Permanent wilting point (W)

Porosity (¢)

Pump-back system

Recession phase
Recession time (tr)
Resistance coefficient (n)

Return flow

Run length (RL)

Runoff

Run time (RT)

The processof transporting soluble materialsfrom the root zone in
thedeeppercolation. The mostcommon ofthese materials aresalts,
nutrients, pesticides, herbicides and related contaminants.

Ratioofthe depth of deep percolation required tomaintainasaltbal-
anceinthe root zone to the depth of infiltration. Also referred to as
theleachingrequirement.

An abbreviation for management allowable depletion or maximum
allowable deficiency. MAD is the soil moisture at which irrigations
shouldbescheduled. Intheevaluationordesignofsurfaceirrigation
systems, MADisreferenced asarequireddepth perunitlength,z . ,or
avolume perunitlength perunitwidthorfurrow spacing,Z

req’

req”

Thecumulative timebetween recession and advance at a specific point
on the surface irrigated field. Usual units are minutes or hours.

Moisture content, ona dry weightbasis, at which plantscannolonger
obtain sufficient moisture from the soil to satisfy water requirements
and will not fully recover when water is added to the crop root zone.
Classically, thisoccurs at about—15atmospheres or 15 bars of soil
moisture tension.

The ratio of the volume of pores in a soil volume to the total volume of
the sample.

See tailwater reuse system.

Atermreferringtothedrainage of water from thefield surface follow-
ing the termination of inflow.

The interval between the initiation of irrigation and completion of the
recession phase. Usual units are minutes or hours.

A parameter in the Manning’s equation that provides an expression of
hydraulic resistance at the boundary of the flow.

Deep percolation, tailwater, conveyance seepage, and spills from an
irrigation system which flow into local streams, rivers, lakes, or reser-
Voirs.

Distance water must flow over the surface of a field tocomplete the
advance phase. The field length is the longest run length. Usual units
are feet.

A general term describing the water from precipitation, snow melt, or
irrigation that flows over and from the soil surface. In surface irriga-

tion, runoff is used interchangeably with tailwater.

Seecutofftime.
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Saturation (S)

Siphon tube

Slide gate

The ratio of the volume of water to the volume of pore space in a soil.

Relatively short, light-weight, curved tube used to divert water over
ditch banks.

Aregulated ditchorcanalofftake used todivert water toirrigated
bordersandbasins. Seealsoditch gate.

Soil dry weight The weight of a soil sample after being dried in an oven at 95 to 105 °C

Soil moisture content (6)

Soil moisture depletion (SMD)

Specific gravity (Bs)

Spile

Storage or requirement
efficiency (Er)

Subbing

Surface irrigation

for 12to24 hours. Usual units are grams since as metric units are typi-
cally used for these measurements.

Theratio of the volume of water in a soil to the total volume of the
soil.

The depthorvolumeof water thathasbeen depleted from the avail-
able waterin a soil. This can alsobe viewed as the amount of water
required toreturnthesoilmoisturetofield capacity.

Theratio of the unit weight of soil particles to the unit weight of water
at20°C.

Asmallpipeorhoseinserted through ditchbankstotransfer water
fromanirrigationditchtoafield.

Ratioofthe amountof water stored in the root zone duringirrigation
to the amount of water needed to fill the root zone to field capacity.
Inefficiencies are caused by under-irrigating part of the field.

The horizontal movement of water from a furrow into therow bed.

Abroadclassofirrigation systemswhere waterisdistributed overthe
field surface by gravity flow. See border, basin, and furrow irrigation.

Surge irrigation Surface irrigation by short pulses or surges of the inflow stream during

Tailwater

Tailwater reuse system

Uniformity

Unit discharge

4C-6

theadvance phase andthenbyhigh frequency pulsesorsurgesduring
the wetting or ponding phase.

See runoff.

An appurtenance for surface irrigation systems where there is tailwa-
ter runoff. The tailwater is first captured in a small reservoir and then
diverted orpumpedbacktotheirrigationsystem,i.e.,eithertothe
samefield ortoanotherin proximity.

Irrigation uniformity is a qualitative measure of how evenly water is
applied by the surface irrigation system.

The dischargeorflowrate of water applied toanirrigated field per

unit width or per furrow. Typical units are cubic feet per second and
gallons per minute.
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Wetted perimeter Length of the wetted contact per unit width between irrigation water
and the furrow, border, or basin surface, measured at right angles to
the direction of flow. Usual units areinches or feet.

Wetting or ponding phase The periodoftimein anirrigation event between the completion of
advance phaseandthecutofftime.

Wild flooding Surface irrigation system where water is applied to the soil surface
without flow controls and without managementofflow rate and cutoff
time.
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