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PREFACE

Second Edition

The wide interest in the First Edition of this guide to better
irrigation has been encouraging. It has been used by irrigators, mana-
gers, techn:cians and students with varying backgrounds in irrigation.

For gome, t - explanations have been too detailed, and others would like
to sec orc advanced materials presented.

In the interest of wider usage of the evaluation techniques and
suggestions for better irrigation management practices, the first edition
prepared by John L. Merriam, has been expanded by including basin irriga-
tion, simplified techniques of all methuds, more explanation of standard
procedures and more advanced details in the Appendices.

The section of sprinklers has been enlarged to include several varia-
tions. The enhancement of the booklet by some cf the new sprinkler and
trickle information has been made possible by having Dr. Jack Keller,
Professor at Utah State University, as co-author. Dr. Keller is widely
experienced in the research and application of these two methods.

Dr. Jose F. Alfaro from Utah State University has also assistad in
the general revisions and has undertaken the challenge of re-writing the
text using the Spanish language and metric units.

The authors wish to express their appreciation to Safa Noofi Hamad for
his tremendous effort in supervising the revisicns and typing of the Second

Edition; and to the Secretaries for their patient typing.
v To help eliminate confusion with other more general definitions, some
definitions from the First Editicn have been re-named. Application Effi-
ciency has been re-named Actual Application Efficiency; Irrigation System
Efficiency is now called Potential irrigation system Efficlency; and
Distribution Efficiency has been changed to Distribution Uniformity.
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ABSTRACT

This second edition of the manual contains detailed procedures
for the field evaluation of sprinkler, surface, and trickle irrigation
performance and management practices. It contains details such as: a
list of equipment needed; step by step instructions for carrying out
the field work; sample forms for recording and organizaing the field
data; and sample studies demonstrating the entire process. It also
includes an analysis and recommendations for the actual care studies
used.

The introducticn deals with the general uniformity, efficiency,
and management concepts employed in the evaluation of each system. The
sprinkler section covers both simple and full evaluations of regular fixed
grid sprinkler systems as will be under tree orchard, center pivot and
traveler sprinkler systems. There is a brief section dealing with trickle
(or drip) irrigation and a section on basic irrigation. Both the furrow
and border irrigation sections contain a simple (short cut) evaluation

procedure as well as complete full evaluations.

Key Words: Irrigation, Efficiency, Uniformity, sprinklers, Trickle,

Basin, Border, Furrow, Soil, Moisture, Evaluation.
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CHAPTER 1

INTRODUCTION

Irrigation systems may or may not be well designed and properly used.
The system evaluation techniques which follow are designed for evaluating
the Actual operation and management conditions which exist and determining
the Potential for a more economical and efficient operation. This type
of study is necessary to provide direction to managemeat for either con-
tinuing existing practices or makine essential imnrovements.

Improved on-faru water management may result in conservation of water,
soil and labor as well as increases in crop yields. An evaluation can
show the effectiveness of existing irrigation practices. A study of the
evaluation will indicate what improvements can be made and provide manage-
ment with a basis for selecting potential economical and practical modifi-
cations.

Most modifications involve simple changes in management practices.
Evaluations frequently indicate the need for soil moisture deficiency
checks and better maintenance practices. Indicated changes often save
labor as well as water. Sometimes capital investments to provide mechan-
ization or automation are in order.

Sprinkler systems may be greafly improved by simple changes such as:
altering operation pressures, rozzle sizes, riser heights, and durations
of water application; operating at different pressures at alternate irriga-
tions; using alternate set sequencing; obtaining larger size lateral pipes;
tipping risers along the edge of the field, etc.

For moving-water surface irrigation methods (furrows and border-strips)
the following simple changes may greatly improve performance: larger,
smaller or cut-back streams; irrigating at a different soil moisture de-
ficiencies; different furrow spacing or shapes; revisicn of strip width
or field length; supplemental pipe lines often utilizing portable gated
pipe; runoff water recurn-flow systems; etc. Capital investments such as
land grading for a smoother surface or more uniform soil, constructing re-
servoirs, increasip~ water delivery capacity, semi-automation, etc., are
often profitable and also improve water use efficiency and save labor.

Basin irrigation systems may be greatly improved by changing the loca-

tion of a dike to conform to soil changes, more careful land grading to
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achieve a level surface, or changing the basin area to better match
available stream size.

Trickle systems may requir~ a different length of application or
irrigation frequency. Additional filtration may be needed. Some systems
may need a higher density of tricklers.

Labor and water saving are usually closely correlated with a water
supply which is flexible in frequency, rate and duration. Efficient water
use is only achieved if water can be: 1, supplied close to the day it is
needed to match the crop and weather, frequency; 2, furnished at a rate
that can be changed to match different field sizes, cut-back streams, vary-~
ing intake rates and large enough to keep the irrigator busy, hate; 3,
turned off when the soil moisture deficiency and leaching requirements are
satisfied, since all flow after this time is wasted, duration.

A principle cause of low efficiencies is over-irrigation. With
furrows and border-strips, excess water is largely runoff which may be re-
covered with a return-flow system. With basins, sprinklers and trickle
systems, excess water infilters and contributes to the ground water and
may be recovered by wells if it goes deep, or may cause a drainage pro-

blem if restricted at a shallow depth.

Basic Terminology

There are several concepts and definitions that are basic to all irri-
gation methods and evaluations. Some of the most important ones are pre-
sented below, and others are included in the Glossary along with some addi-~
tional explanation.

Evaluation consists of an analysis based on field measurements taken
under the conditions and practices normally employed, plus on-site studies
of potential modifications such as presures other than the one being used,
larger and smaller furrow streams, change of duration, etc. Measurements
needed for the analysis include soil moisture deficiency, inflow rate,
application and infiltration uniformity, application duration, advance
rate, soil conditions, infiltration rates, irrigation adequacy, etc.

Soil moisture deficiency, smd, is expressed as a depth indicating the
dryness of the root zone at a particular time. This depth 1is numerically
identical to the depth of water to be replaced by irrigation under normal
management. Therefore, the idea of moisture deficiency in the root zone

is preferable to the commonly used concept of depth of water in the soil.
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How dry the soil should be before irrigation is needed, 1s related to

the soil moisture tension at that smd and how well the crop will grow at
that stress. Some crops produce better when kept moist by frequent irriga-
tions, however, diseases and pest problems may also be increased. Other
crops may produce more economically when allowed to become quite dry be-
tween infrequent irrigations which also reduces irrigation labor costs.

Management Allowed Deficiency, MAD, is expressed ae the allowed soil
moisture deficiency used to schedule irrigations so that net crop returas
are maximized. The MAD is first related to soil moisture and crop stress
and 1s expressed as the percent of the total available soil moisture that
can be extracted from the root zone between irrigations to produce the best
economic balance between crop returns and irrigation costs. Secondly, it
1s expressed as the corresponding depth deficient for a given root depth
and soil having a specific available moisture content. This deficlency is
related to a soil moisture stress, at which an irrigation should be applied.

The evaluation of furrow and border-strip irrigation systems should be
made when the MAD is reached, since intake rate, water movement and dura-
tion of irrigation are greatly affected by soil moisture conditions. Be-
cause of the appreciable effect of the MAD on these factors, small varia-
tions in the MAD become one of the improvement management tools for obtain-
ing desired operation improvements for surface systems, especially border-
strip. This is true because of the rapid decrease in infiltration rate
as the duration of application continues.

Invuigation system operation depends as much on the frrigator as on
the quality of the system. The system may be properly used, or abused.

To determine the best use involves making a thorough evaluation of the
system, or having appreciable experience and using short cut evaluation
procedures. However, the following questions must always be considered to
obtain the best possible efficiency from any given system.

1. Is it dry enough to start irrigating?

2. Is 1t wet enough to stop irrigating?

The soil moisture deficiency must be known to answer the first ques~-
tion. It should be the same as the MAD. The simplest method for deter-
mining smd is by field observation of the color and plasticity of the soil.
This only requires comparing soil samples taken from the root zone (prefer-
ably the full depth) with the chart given in Appendix A, Other methods for

evaluating smd include the use of tensiometers for low MAD values (high



moisture situations) and absorption blocks or similar equipments for
high MAD values. Weighing and drying samples is quite precise, but slow
and cumbersome.

Water budgets using climatic based methods, such as evaporation and
other methods for estimating the water consumed by the plants, Potential
Evapo-transpiration, are also satisfactory. The estimated smd from the
water budgets should occasionally be checked by field observations in the
lower part of the root zone to see that an accumulative smd is not occurr-
ing. Unfortunately, such checks will not indicate over-irrigation.

The second question of when to stop irrigating is of equal importance,
because all water applied after satisfying the smd and leaching require-
ments is completely wasted from the roct zone. A probe, typically a 5/16
in. or 3/8 in. steel rod about four feet lcng with a slightly bulbous (not
pointed) tip and a tee handle, can be used in most soils to quickly check
the penetration of irrigation applications at numerous points throughout
the field. It will casily penetrate to a moderate depth of about three
feet through the nearly saturated soil being irrigated, but encounters con-
siderable resistance as it meets the drier soil or plow pans below. The
proper depth of probe penetration will be appreciably less than the desired
final depth of water penetration, since water will drain deeper after
irrigation. This requires that the probe depth be corr.iated later with

an adequate irrigation.
A number of soil moisture sensing devices can be used to give an

indication of when to stop irrigating, but none are easier to understand
and construct than the simple probe. Some devices may be connected to

turn the system on and cff automatically. However, they must be correlated
with values at the sensing point to values representative of the entire
field under control.

With sprinkler and trickle irrigation systems the rate or volume of
application is usually known. When the uniformity of application is
reasonable, the depth of application can easily be controlled by the
duration of the irrigation. However, field checks must be made as for
all methods to make certain the desired depth of application has been accom-
plished and an excess is not being applied.

Soils and crhop information are fundamental to all irrigation work.

The optimum MAD is interdependent on the specific scil, crop, root zone
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depth, climate and irrigation systeni. It shoild be established as it
affects the depth, duration and frequency of irrigation.

The available moisture, intake rate, method adaptability and choice
of crop are all related to soil texture; whereas root zone depth, intake
rate, lateral wetting, perched water tables and adaptability to land grad-
ing are mostly affected by soil profile and structure. The uniformity of
a soil in a field is also important as it affects the uniformity of infil-
tration and choice of irrigation methods. It must be thoroughly investi-
gated during field surveys. For all methods, the frequency and depth of
irrigation within a field should be related to the soil with the lowest
MAD,

Sprinkler or trickle irrigation is recommended for fields with varia-
ble soils and topography, since the depth of application is independent
of surface variations. The application rate should be below the basic
infiltration rate of the slowest intake areas.

Reasonable soil uniformity is important for efficient furrow or
border-strip irrigation. The possibility of improving the soil uniformity
within each field should not be overlooked during the land grading process.
In basins the intake rate uniformity is of even greater importance. How-
ever, a high level uniformity can often be obtained by making the basin
boundaries conform to soil boundaries. The ridges can be farmed over or
termporarily removed as needed and the shape or sizes of basins varied as
required.

Innigation methods can be classified into five basic techniques,
cach with several variations. Each technique and variation has character-
istics which are more or less desirable for different locations and crops.
The basic component and concept of each of the five techniques are:

1. Basin: A level area of any size or shape bounded by borders
or ridges which retains ponded water until it infiltrates. Water loss is
by deep penetration.

2. Border-strip: A sloping area usually rectangular in shape,
bounded by borders or ridges to guide a moving sheet of water as it flows
down the bordered strip. The supply of water 1is typically cut off when
the advancing shcet is eight to nine-tenths of the way down the strip.
Water loss is by deep penetration and runoff.

3. Furrow or corrugation: A small sloping channel cut out or

pressed into the soil surface. It is usually 'desirable” that the irriga-
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tion stream reaches the end of the channel in about one-fourth of the

time of irrigation. The stream is not shut off until the lower end of the
channel is adequately irrigated. The wetted front moves laterally as well
as vertically from the channel, so that infiltration is a slow process.
Water loss is by deep penetrationm and runoff.

4. Sprinkler: A device for spraying the water over the . sur-
face. The water is discharged from a sprinkler into the air and should
infiltrate the soil where it falls and not saturate the soil surface in
the process. With closely spaced sprinklers, a good uniformity of applica-
tion can be achieved even in high winds. Water loss 1is by evaporation,
wind drift and deep penetration.

5. Trickler: A device for discharging water at very low rates
(less than 3 gallons per hour) through small holes from tubing placed on/or
slightly below the soil rurface. Water moves through the soil sideways
as well as downward away from the point of application to form a bulb of
wet soil. Typically, only a portion of the soil mase is kept quite moist
by very frequent or continuous application. Water loss is by deep penetra-
tion.

Table I-1 presents the major physical characteristics affecting the
adaptability of each of the five basic irrigation techniques. The Poten-
tial irrigation system Efficiency, PE, of a well designed and properly
used system, employing each technique where adaptable, is also presented.
Automation or mechanization of most systems is possible to reduce labor.
Such items as salinity, micro climate control, etc., were not considered
and personal desires and costs have been omitted.

Eff4ciency terms used in irrigation have been variously defined.

To avoid confusion, the three primary terms which will be used in the
field evaluation procedures are defined below. They are also included in
the Glossary, along with some other useful definitions. These terms are
given new descriptive names relative to the First Edition and other publi-
cations to help avoid confusion with other terms and definitions,

High efficiency values may or may not be economical. However, the
efficiencies must be evaluated before economic management decisions can
be made., Efficiencies computed from ordinary field data are only accurate
to about the nearest 5%. Therefore, varitations in efficiency values of
less that 5% may not be significant except where comparisons are being made

from the same data.



Table I-1.

Major physical requirements and potential efficiencies of the basic irrigation techniques.

Fotential

Method Soil Infiltration Ground Stream Labor Irrigation

Uniformity Rate Slope Size Requirement Efficiency
large

Basin uniform level, or relative intensive at

—_— within graded to to basin infrequent 75% to
each basin any level size intervals 85%

large

Border- uniform relative

strip within any but mild and to strip same as 707 to
each strip extremes smooth area above 807%*

intensive to
Furrow or uniform for but very mild, or medium intermittant
Corrugation full length rapid "contour" at infrequent 70% to
intervals 80%*

may be any

Sprinkler intermixed any but farmable small, few hours 75% to
soils very slow slope continuous daily 85%
may be any

Trickle intermixed farmable small, 80% to
soils any slope continuous very low 90%

*
Values of 907 can be attained if runoff water is re-used.

L-1



1. Distribution Uniformity, DU, gives an indication of the uniformity
of infiltration throughout the field.

x 100

U= minimum depth infiltered
average depth infiltered

The DU is useful as an indicator of the magnitude of the distribution pro-
blems. A low DU value indicates there will be excessive deep percolation
losses and a potential high water table if adequate irrigation water is
applied to all areas. If excessive deep percolation is controlled, the
area receiving the minimum depth will be badly under-irrigated.

2. Actual application storage Efficiency, AE, obtained in the field
gives an indication of how well a system is being used, or if it is being

misused.

minimum depth infiltexred and stored in the rocot zone
x 100
average depth applied

AE =

Implicit in this equation is a measure of uniformity and the concept that
the minimum depth stored satisfies the soil moisture deficiency. It shows
that all the area is receiving water for any value greater than zero. Low
values of AE generally indicate management and/or system problems associated
with over-irrigation. Additional factors must be considered as presented
later, when a field is intenionallv under-irrigated.

3. Potential irrigation system Efficiency, PE, gives a measure of
system performance attainable under reasonably good management when apply-

ing a full irrigationn.

minimum depth infiltered just equaling smd or MAD
x 100
average depth applied

PE =

The PE is a particular and identical value of AE when the desired depth of
water has been infiltered. A low value of PE is usually associated with
poor system design (unless intentional for economic reasons). The differ-
ence between PE and AE 1s a measure of management problems.

Meaningful comparisons between several systems modifications or
methods can only be made by comparing values of PE. They must be made
when applying similar MAD depths, and with identical specification of
"minimum" depth. Economic comparisons must also include costs and crop

production factors.
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Minimum depth infiltered as used in the several equations, is
defined in three ways: 1. the absolute minimum measured; 2. the average
of the lowest 1/4 of the values (proposed by the Soil Conservation Ser-
vice, USDA); 3. the average of the lowest 1/2 of the values (used in
Christiansen's Coefficient of Uniformity). The first one implies that no
area receives less than the measured minimum, the second that 1/8 of the

area receives less and the third that 1/4 raceives less.

For the concept of efficiency to be practical, the area below "mini-
mum” must be small but also greater than zero. the SCS minimum is recom-

mended for normal use in evaluations.

Intentional Under-Irrigation

Most often systems are designed or managed to till the smd through-
cut the entire root zone at each irrigation; however, this is not always
the objective. Furthermore, sometimes the irrigation interval is extend-
ed to reduce the water use rate below peak values. Such practices are
utilized to aid other cultural practices, reduce system capacity require-
ments and/or to obtain maximum yields per unit of water or per unit of
capital cost. This intentional under-irrigation may be imposed rather uni-
formily throughout the field, only in areas receiving minimum infiltration
or selectively.

Maximizing waten-production effdiciency is quite important where
the water supply is inadequate and the value of water is measured by
productiveness per unit of water. In such cases operating at a high MAD
results in extending the irrigation interval. This practice, which is
termed Stness Iniigation may reduce yields per unit area but produce
more total crop per unit of water on an increased area and a greater net
return. This practice also allows for better ut.lization of rainfall.
Except for some of the variations mentioned below, intentional under-
irrigation puts a premium on having high values of Distribution Uniformity,
DU, and Actual application storage Efficiency, AE, to reduce water losses
and results in a higher Transpiration Ratio, TR.

With a root zone full of moisture at the beginning of the peak water
use growth period, under-irrigation can improve water use efficiency with-
out reducing yields. (This procedure is a variation of Limited (unigation.)
This is unly possible, however, if the peak use period is relatively short
and followed by a period of lesser use, or by harvest. The moisture stored

deep in the root zone from early or off season irrigation and rain water



will be consumed during periods of under-irrigation, thereby making more
water available for crop production. It involves having an assured

deep root zone water supply from rain or early full irrigations on a maxi-
mum area, and then not replacing the smd at each irrigarion during tte peak
use perivd. This reduces deep percoiation losses if DU is high but allows
a cumulative smd to develop in the bottom portion of tne root zone which
serves to augment the limited irrigation supply. Frequent checks of the
smd are essential to obtain the maximum berefit of this practice and to
avuid the danger of running out of deep moisture reserves and stressing

a crop at a critical period (such as corn at tasseling). The amount of
land irrigated should not exceed that which can be economically irrigated
with the limited irrigation water supply plus the deep soil moisture re-
serve.

Another means of maximizing water use efficiency and reducing system
capacity is accomplished by irrigating only part of the area in orchards
or vineyeards, with furrows. tricklers or orchard sprinklers. The full
soil profile throughout the area should be wet from rain or early season
irrigation. During the peak water use period irrigation should be restricted
to applying the smd to only a portion of the surface area surrounding each
tree. This will reduce surface evaporation and thereby decrease TR. A high
or low MAD may be used in the area wetted which will or will not stress
the crop slowly as it draws from the un-irrigated areas. In either case
this practice will utilize the available water supply very efficiently.
The term stress irrigation applies where yields are reduced and limited
irrigation where yields are unaffected by such practices. The location
of the tree areca watered 1s unimportant, since root systems in a mature
orchard are extensive.

Irrigation procedures which tend to excessively stress the crop can
be combined with alternate sdide <urnigation to reduce the maximum stress.
The technique is to irrigate the crop at about 1/2 the normal interval but
only irrigate one side each watering alternating to the other side on the
following irrigation. This practice is practical for orchards as well as
row crops.

Other cultural practices sometimes require modification in irrigation
design and management. The pre-harvest irrigation depth could be reduced

permitting the limited water to be spread wider and shallower. Thus, the
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deep soil moisture would be utilized leaving the surface dry shortly
before harvest.

Sometimes furrows cannot be constructed close to the tree because
cf branches or props, or sprinklers are placed only in the tree row to
reduce problems with foliar interception. A common practice in young
orchards under basin, furrow, sprinkler, or trickle irrigation is to
irrigate only the area immediately adjacent to the trees until the roots
become mcre extensive. Even in mature orchards, only a portion of the
surface area may be wetted to improve trafficability. In fact, this is
one of the prime features of trickle irrigation which is seldom, if ever,
designed to wet the total soil area. Under such conditions the reduction
in area is compensated by more frequent irrigation in inverse proportion
to the area reduced, e.g., half the area, twice the frequency, which is
a prime example of Limited .uigation.

Reduced capital investments are possible by reducing system capacities
as discussed above and/or reducing the uniformity of application. With
low uniformity systems the smd may not be fully replaced in portions of the
field even where there is an adequate water supply. In such cases there
is planned acceptance of a reduced yield in the dry portions of the area.
Such systems require careful management, knowledgeable design, soil moisture
deficiency checks and periodic evaluations to measure the success of the
operation. relatively low uniformity and some under-watering of the driest
areas is particularly applicable to solid set sprinklers and longer than
normally desired or poorly graded surface irrigated fields of low value
crops.

This above design procedures anticipate moderate to low values of DU
and AR as a trade off for reducing system development costs. Wide sprinkler
spacing and low pressures will cost less but cumulative soil moisture de-
ficiencies will occur in the drier spots unless excessively large quanti-
ties of water are applied, which could be uneconomical or cause drainage
problems. The dry spots will produce less crop, however, profits may be
maximized because the reduced capital costs more than offset crop losses.

For furrows and border-strips reduced land grading or longer than
normally desired run lengths may be used to decrease capital and labor costs.
Only where the cost reductions are adequate to more than compensate for
reduced production at the under-irrigated far end of the furrow or strip

should such practices be employed.
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Trickle irrigation systems are almost always designed to irrigate less
than the whole surface area in widely spaced tree crops. This 1s done in
part to reduce capital costs. Great caution should be exercised, however,
where systems are designed to irrigate less than 1/3 of the potential root
soil volume.

For all of these variations of &tness or Limited imuigation, the value
of the crop decrease should be more than offset by the savings in capital,

labor, water and management required.

High Frequency Irrigation

Portable and permanent solid set (or full coverage) sprinklers, center
pivot sprinklers and trickle (or drip) systems are normally managed to apply
light frequent irrigations. The reasons for using high frequency irrigation
are to: maintain a continuous high soil moisture level for higher yields
or better crop quality; reduce run—off problems associated with high appli-
cation rates as discussed in the section on center pivot sprinklers; and
control temperature, humidity and wind erosion.

Under high frequency irrigation the depth of each application is often
less than an inch. Unless intentional under-irrigation is being practiced,
the soil moisture deficit, smd, would also be less than an inch. It is
practically impossible to estimate the smd with enough precision to be of
value for determining if it is dry enough to irrigate when such a low Man-
agement Allowed Deficiency, MAD, is being used.

Estimates of the crop water use rate give a good basis for scheduling
high frequency irrigation. The crop water use estimate can be made from
¢limatic data, taken from evaporation pan measurements, or based on experi-
ence. Except where intentional under-irrigation is being used, the ideal
system management would exactly replace the water consumed (in the arzas
receiving the minimum applicationj.

It is not practical to get an exact estimate of the water actually con-
sumed between irrigations. Since over-irrigation is difficult to determine,
a good management practice is to slightly under-irrigate. Periodic smd
checks can then be made to spot any areas of cumulative soil moisture de-
ficits and the irrigation scheduling can be corrected accordingly.

High frequency irrigation is particularly well suited for use in con-
junction with &imited irrigation where the deep soil moisture is being
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gradually depleated. The light frequent watering of the top soil plus
the gradual moisture withdrawal from the sub-so0il can produce optimum pro-
duction with a limited system capacity. However, where the sub-soil mois-
ture is not sufficient, light frequent irrigation may result in the ineffi-
cient use of a limited supply and less frequent deeper irrigations may pro-
duce better vresults.

Under supplemental irrigation in high rainfall areas a good practice
is to apply high frequency irrigation while maintaining the smd between 1
and 2 inches. Thus, there is always storage capacity for some rain and

plenty of water for the crop.

Uniformity, Efficiency, and Economics

The efficiency of an operation is a measure of how well it is per-
forming compared to some ideal level of performance. The purpose of irri-
gation is to maximize profit and/or production, not to save water.

Economic (iwiigation) efficiency is the ratio of the total production
(net or gross profit) attained with the operating irrigation system, com-
pared with the total production expected under ideal conditions. This
parameter is in effect a measure of over-all efficiency because it relates
the final output to input.

The evaluation procedures which follow generally imply that full
irrigation with a high uniformity is the desired ideal. The concept of
full irrigations in the areas infiltering the minimum depth of application
is useful for standardizing field evaluation procedures. However, it
may provide a poor basis for evaluating and managing a system to optimize
economic cfficiency.

As a gencral guide, the most economic systems for various crops
and soils should have the following Distribution Uniformities:

1. High value crops, especially those with shallow roots - DU
above 80%.

2. Typical field crops with medium root depths on medium textured
soils - DU between 70 and 80%.

3. Deep rooted orchard and forage crops and where there is a sub-
stantial quantity of supplemental rainfall - DU between 60 and 70%. (Some-
times DU values as low as 50% may even be the most economical in sup-

plemental rainfall areas with low value crops.)
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As mentioned earlier, intentional under irrigation in the areas
receiving the minimum depth of application may provide the optimum
economic efgdiciency. Rather than replenishing the water in almost all of
the area, as is implied by PE, it may be more economical to leave a
substantial area under-watered. This would be especially crue for deep
rooted crops, low value crops and/or in humid areas. If the average depth
infiltered in the low half of the pattern is used as the minimum depth
one~fourth of the area will be under-watered.

A detailed study, which is beyond the scope of the following
evaluation procedures, is needed to optimize economic efficiency. 1In
addition to the field evaluation of the system it wculd require a thorough
knowledge of economic system inputs plus the relationship between crop

production and water for the study area.



CHAPTER II
SPRINKLER IRRIGATION

A number of different types of sprinkler systems have been developed.
Techniques for evaluating the most widely used of these are presented
below. The sprinkler systems discussed include the following:

Fixed gnid where the sprinklers are spaced in a grid pattern with
sufficient overlap to spread the water fairly uniformly over the entire
surface area. Hand move, side roll, end tow, side move with multiple trail
lines (or block move), portable full coverage (or solid set) and permanent
solid set systems are included in this category. (See Figures II-1 and
I1-2,)

Orchand where there is little or no overlap between sprinklers whicl.
are placed under the tree canopy and spaced to provide a uniform amount
of water to each tree.

Water should be fairly uniformly applied to the wetted areas even
though some of the area around each tree will receive little or no irriga-
tion water. (See Figure II-3.)

Centen pivot where water is sprinkled from a pipe line which is
supplied from a stationary pivot point and rotated while watering to
irrigate a large circular field. (See Figure 1I-4,)

Giant thavelen where a high capacity sprinkler is fed by a flexible
hose and travels while watering. (See Figure II-5.)

The first extensively used sprinkler systems employed the fixed grid
concept using rotating sprinklers spaced along portable '"hand move'" lateral
pipe. To reduce labor, the lateral pipelines mav be mechanically moved after
each set. To make the systems automatic and practically eliminate labor,
the systems are laid cut with sufficient pipe and sprinklers so the entire
field can be irrigated by switching valves on and off without moving any
pipe.

The simple and full evaluation techniques which immediately follow
are useful for all of the over canopy or open field systems which are
irrigated by rotating sprinklers at a fixed position while watering. The
sprinklers on all of these systems distribute water in a conical pattern
and depend on overlap from several sprinklers to obtain relatively uniform

wetting.



I1-2

A simple evaluation can provide an awareness of the more obvious
management problems with a minimum of effort. It can be done quickly
with simpl: esquipment; however, insufficient information is provided for
designing system changes. In contrast, a full evaluation not only iden-
tifies problems but also indicates corrective design alternatives.

Most sprinkler systems are efticiently designed to meet the peak
evapo-transpiration requirements which only occur during part of the sea-
son. The manager should be aware of ~he system's capabilities in order

to adapt the operation to changing tv.ditions imposed by the crop and
weather.

Figure II-1. Hand move psrinkler lateral - for fixed orid nattern.
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Figure II-2. Side roll sorinkler lateral for a fixed grid pattern.

Figure 11-3. Orchavd sprinkler system.
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Figure II-4. Center pivot sprinkler system in a sugar beets field.

Figure II-5. Giant traveler sprinkler system,



Simple Evaluation ~ Fixed Grid Sprinklers

The main objectives of the simple evaluation are to identify the

more obvious design, operation and management prcblems or errors.,

Equipment needed

An alert and observing evaluator will only need a one to two-gallon
container of known volume, a watch with a second hand, a soil probe and
a soil auger 1f available. Soil samples obtained with the auger can be
used to aid management in answering the question, "Is it dry enough to
irrigate?" However, more sophisticated procedures and equipment can also

be used.

Field measurements

Only a few simple field measurements and observations are required.

Opernating presswies should be within the medium range for each
specific nozzle size and not vary too greatly throughout the system. The
medium pressures produce jets with a variety of drop sizes and smooth
sprinkler rotation. The large drops travel the furthest and the small
drops fall close to the sprinklers which tends to produce uniform cover-
age when the patterns from several sprinklers overlap.

To aid in spotting excessive pressure variations within a system, a
few of the sprinklers should be observed while running at the widest range
of pressures available -- high, medium and low. Fogging or irregular
turning will tend to result from excessive pressures and many small drops
will fall close to the sprinkler. Improper jet breakup causing a doughnut
type pattern results from low pressures and very little water will fall
close to the sprinkler. The proper pressure within the so called mid-range
can only be determined by more extensive evaluation techniques. To main-
tain a high uniformity of coverage, pressures must also be uniform and
gauges should be employed to aid in setting lateral inlet pressures.

Flow nates of several sprinklers should be measured under normal
operating conditions to check the uniformity of flow and to determine the
average flow rate. Rates should be checked at each end of several lateral
lines located at the extremes of elevations and distances. The average
rate usually occurs at about 1/3 of the way from the inlet end.

The time to catch a given volume can easily be converted to a flow
rate. For example, it if takes 45 seconds to fill a two-gallon container,

then the flow rate is 2.0 gal. per 45/60 min. = 2.7 gpm. A typical design
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limit is to allow a 107 variation of flow between the first and last
sprinklers. This corresponds to a pressure variation of 20% which usually
does not alter the sprinkler patterns enough to produce poor uniformity.

A check of the flow rates against catalog values will give an indi-
cation of pressures which should confirm the field estimates of the
correct pressure. Often nozzles are erroded by silt or sand in the irriga-
tion water. This will cause flows to be higher “han the initial catalog
values. The degree of nozzle erosion can easily be ~hecked with a feeler
gauge such as a drill bit of the same diamcter.

Uniform application is obtained by properly overlapping sprinkler
wetted areas. The amount of overlap required for a given degree »f uni-
formity depends on the nozzle size, pressure, sprinkler operating charac-
teristics and wind conditions. The optimum uniformity, however, is a
function of economics which usually results in a compromise between the
medium uniformity achieved under a wider spacing and the reduced operating
costs and crop returns.

To obtain a medium uniformity, the spacing along the lateral should
be close enough for adjacent sprinkler patterns to completely overlap. The
spacing between laterals is usually such that for low wind areas one line
of sprinklers throws about 2/3 of the distance to the next line. In areas
where typical winds exceed 5 mph the lines should be even closer to-
gether,

Without making a full evaluation, the uniformity of the sprinkler
pattern may be approximated by probing. This is accomplished by probing
many spots within the area between two sprinklers on the side of the
lateral which was irrigated during the previous set. The areas with min-
imum infiltration are readilv identified, especially late in the season when
cumulative soil moisture deficits have had time to build up. This tech-
nique will not work if full or excess irrigations are always applied. In
such cases, the probe will tend to indicate adequate moisture by deep pene-

tration everywhere.

Management practices

Altennate sets is a practice that tends to greatly improve uniformity.
This practice involves setting the lateral midway between previcusly used
sets during every other cycle of hand or mechanically moved systems. It

is not applicable to permanent or solid set systems.
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Sprinklerns should all be erect with the risers perpendiculer to the
ground. Obviously, the sprinkler nozzles should all be flowing freely
and the sprinklers turning uniformly. Maintenance and correct operation
are essential for efficient use and where the irrigation water carries
trash adequate screening devices are necessary.

Tipping nisens at field borders where overlap does not occur is help-
ful. For the typical condition with the lateral lines from a third to a
half move distance from the boundary, some water is thrown out of the
field. A practical improvement for crops not damaged by the jet impact
is to tip all the risers toward the boundary so the jets just barely reach
the edge of the field. This procedure results in fairly uniform coverage
along the field boundary (especially where the lateral line is only 1/3 of
a move distance inside) and also eliminates much of the objectionable over-
throw.

Similar results can be obtained at the ends of the lateral lines by
tipping the end sprinkler. This is accomplished by bending the risers.

For uniform coverage, these end sprinklers should be set closer than normal
to the boundary. A half circle sprinkler with about 2/3 of the standard
discharge and operating at the edge of the field is also practical.

Running the sprinklens too £ong for the existing soil moisture defi-
ciency, smd, is the most common mis-management practice. Such over irriga-
tion is a potential problem except during periods when the full system
capacity is required to meet peak use rate demands. The smd should equal
the design Management Allowed Deficiency, MAD, at the time of irrigation
or the duration of irrigation should be reduced accordingly.

Duration of innigation can be calculated from the sprinkler applica-
tion rate, the smd, and an estimate of the Potential system irrigation
Efficiency, PE. The first step is to find the average rate of water appli-

cation, Ra’ which is computed by

_ 96.3 x sprinkler gpm

Ry in./hr. = sprinkler spacing, ft. x ft.

Using an estimate of the Potential irrigation system Efficiency, PE, the
minimum rate, R , at which water is infiltered in the driest 1/8 of the

area can be computed by

Rm = Ra x PE/100



II-8

and the duration or time of irrigaticn, Ti’ is equal to

smd

T, = o0

i R
m

For example, assume the PE is 80%, smd is 4.0 in., the sprinkler flow

rate is 4.4 gpm, the sprinkler spacing on the lateral is 30 ft. and the

lateral move distance is 50 ft. The average application rate is

96.3 x 4.4 gpm _
a " 30Fc %50 fr. - 0+28 in./br.

R

and

Rm = 0,28 in./hr. x 80/100 = 0.23 in./hr.

Then the duration of irrigation

T, - %‘:'(i)'s_iﬁ'.'/'ffr'.' 17.5 hrs.

If the system is run for 17.5 hours, the Actual application storage
Efficiency, AE, would equal the assumed PE of 80%. If the system is run
for 23 hours while making one set per day, the last 5.5 hours of watering
would be wasted. The AE would be reduced to about 60% and there would be
5.5 hours x 0.28 in./hr. = 1.7 in. of excess deep percolation which would
contribute to high water table problems.

A probe can be used to give an indication of when to turn the water
off if the above calculations are not possible because the smd 1s unknown.
The probe can be used to follow the wetting front and when the water has
penetrated enough for a full irrigation, it should be turned off. (See
soil moisture probe, Appendix G.) Taking time to gain sufficient experi-
ence to effectively use a probe is most worthwhile. It helps you answer

the question, "Is it wet enough to stop irrigating?"

Summary
An experienced observer with a sharp eye and a few quick easy measure-

ments made with very little equipment can obtain much useful information
concerning the design and management of a sprinkler system. Operating
pressures may be too high or low resulting in poor sprinkler patterns. The
 flow rate at various places in the system can be compared for uniformity of

operations. Flow measurement can alsc be used to determine the average
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water application rate which relates to how long the system should be run.
Checks to determine when to start and stop each irrigation are excellent
guides for good water management. Keeping the mechanical parts in good
condition and operating the systems properly is important. Poor water
application along the boundaries of a field can often be alleviated by
slightly tilting the sprinkler risers toward the field boundary. Running
the sprinklers too long, causing excessive deep percolation is common.
The correct duration of irrigation can easily be computed from a knowledge
of the smd, application rate and PE.

Always keep these two key questions in mind: "Is it dry enough to
irrigate?" and "Is it wet enough to stop?"

Fu) . Evaluation - Fixed Grid Sprinklers

The full evaluation procedures which follow do not apply to perforated
or nozzle pipe line or giant sprinklers. However, the catch-can pattern

may be used for any sprinklers,

Evaluation

The following information is required:

1. Rate of flow from the tested sprinklers.

2. Pressures of the nozzles at the test site and along the laterals.

3. Depth of water caught in the catch containers.

4, Duration of the test.

5. Spacing of the sprinkler along and between the lateral lines.

6. Additional data as indicated on the data form.

Knowledge of the patterns at different pressures and the pressures
along the main line and at the pump is also useful. A general study of
the field data will permit determination of: Distribution Uniformity, DU;
Potential irrigation system Efficiency, PE; Actual application storage
Efficiency, AE.

Further study could determine the uniformity and economics of the
spacings and/or alternate sets, the economics of main and lateral pipe
sizes, the desirability of other operating pressures and durations and

the effect of wind.

Equipment needed

1. Pressure gauge (0-100 psi) with pitot attachment. (See Figure
I1-6.)
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2. Watch.
3. Bucket of known volume (1 gallon, or larger for large sprimnklers).
Piece of flexible hose about 4 ft. long. (See Figure II-7.)

5. Catch containers.

6. Measuring stick to measure depth caught in container, or 500 ml
graduated cylinder.

7. Soil auger.

8. ™ape to layout catch containers.

9. Forms for recording data.

Field procedure
1. Choose a location along a lateral for the test. It may be either

a location at which the pressure is typ.cal, or two locations near the
ends of a lateral to study effects of pressure differences. As shown in
Figure 1I-8, the pressure loss due to friction in a lateral with one pipe
size is such that 50% of the loss occurs in the first 207 of the length,

and about 80% in the first 50%. On a flat field, however, the most re-

presentative pressure is near the 1/3 point.
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Figure 1I-8. Friction loss along a lateral with one pipe size.

Where there are large pressure variations within the system, test

locations should be selected to cover the range of pressure encountered.
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Figure II-9 shows the effect of pressure variation and spacing on DU, with
wind velocities of less than 4.0 mph. It also shows the comparison between

different nozzle sizes.
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Figure II-9. Variation in distribution uniformity for various pressures,
move distance, and nozzle size.

2. Set out a minimum of 24 catch containers on a grid not to exceed
10 ft. by 10 ft. The symetrical pattern should be laid out between two or
three sprinklers covering the entire width upon which water may be applied.
It is better to cover two adjacent areas between three sprinkler since
there are often deviations among the sprinklers. The containers should be
layed out as shown in Figure II-10.

For solid set or block move systems where several laterals are
operated simultaneously, the catch containers should be placed in the
area between four sprinklers. However, such tests cannot be used to
study other lateral spacings. The containers should be carefully set in
an upright position and the surrounding vegetation removed.

If necessary, the containers may be fastened to short stakes with
rubber bands, weighted with a known depth of water (which is later sub-
tracted from the catch), moved a foot or so from their correct positions,
or set in shallow excavated holes. Suitable catch containers can be one
quart oil cans, plastic freezer containers which are either square or
round with slightly tapered sides for nesting, or any smaller container.

3. Set aside a container with the anticipated catch to check the
magnitude of evaporation losses.

4, Check sprinkler nozzle size and model, riser height and erect-

ness and lateral pipe size and slope. Stop the rotation of the sprinklers
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Figure II-10. Catch container layout for Sprinkler Uniformity Test.

surrounding the test site to prevent water from entering the containers
until ready. (If the sprinklers are running before the containers are
set, direct the jets outside of the test area.)

5. Turn on thke water to fill the lateral lines. When the test
lateral is full, turn the pressure up slowly to observe the trajectory,
drop break-up, and wind effect under different pressure conditions. Then
set the pressure at the desired test value.

6. Measure the pressure of the sprinklers to be tested at several
places along the line and at the end to observe the pressure variations.
When measuring sprinkler pressures (See Figure II-6) the pitot tube must
be centered in the Jjet which must impinge directly onto its tip. The tip
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may be rocked slightly and the highest pressure reading recorded while
being held about eight inches from the sprinkler nozzles. The pressure,
however, should be checked at the beginning and end of the test.

7. Time how long it takes each of the sprinklers in this test area
to f111 a bucket of known volume. This is done by slipping a short sec-
tion of hose, which should fit loosly over the sprinkler nozzle, and de-
flecting the flow into the bucket (See Figure II-7). If the sprinkler has
two nozzles, each can be measured separately with one hose. It is not
unusual to measure a greater outflow than that listed by the manufacturer
at the same pressure because sprinkler nozzles often errode during use.
Nozzle errosion can be checked with a feeler gauge such as a drill bit of
the same diameter. To improve the accuracy, several measurements should
be taken and averaged.

8. Check all catch containers to see that they are emptv hefore
the start of the test.

9, Start the test by releasing all the sprinklers surrounding the
test site so they are free to rotate, and note the starting time.

10. Note the wind magnitude and direction, temperature, humidity and
cloudiness. Wind direction is best recorded as shown on Form II-1 by
drawing an arrow relative to the direction of water flow in the lateral.

11. Terminate the test by either stopping the sprinklers surrounding
the test site in a position such that the jets do not fall into the con-
tainers, or deflecting the jets to the ground. Note the time, check the
pressure and turn off the water. It is most desirable for the duration of
the test to be equal to the duration of an irrigation to get the full
effect of wind and evaporation. Minimum duration tests should apply at
least an average of 0.5 in. in the containers.

12. Measure the depth of water in all the containers and observe if
they are still upright noting abnormally low or high catches. The best
accuracy can be achieved by using a graduated cylinder to obtain volmetric
measurements. These can be converted to depths if the area of the container
opening is known. For quart oil cans, 200 ml corresponds to 1.00 in. depth.
As shown in the sample Form II-1, caught depths or ml are recorded above
the line at the proper grid point which is located relative to the sprinkler
and direction of flow in the pipe line. For long runs where maximum depths

exceed 2.0 in. a measuring stick is suitable for accuracy up to + 0.1 inch.
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Utilization of field data

The depths or volumes caught in the containers are converted to

rates in inches/hour and entered on the data sheet as shown in Form II-1.
Assuming that the test is representative and the next set would give iden-
tical results, the right hand side of the catch pattern may, as if it were
a subsequent set, be overlapped (or superimposed) on the left hand side.
For lateral spacings which are whole units of the container spacings, the
summation of the catches of the two sets will represent a complete irriga-
tion. See Figure II-11 for an illustration of overlapping. For very
close lateral spacings or large wind distortions, water may overlap from
as many as four lateral positions. The above concept of overlapping is not
suggested where winds are apt to change appreciably between subsequent

lateral sets. It is most valid for 24-hour sets.

Distribution Uniformity, DU

In order to determine if the sprinklers are operating at an accept-
able and economical efficiency, the deep percolation losses and uniformity
of distribution should be evaluated by calculating the Distribution Uni-
formity, DU. The DU is the ratio of the minimum rate (or depth) caught to

the average rate (or depth) caught

minimum rate caught
= 100
average rate caught

Since the lowest rates caught may be the result of tipped containers or
variations in reading accuracies, the average of thz lowest 1/4 of the
catch cans .s used as the minimum, thus about 1/8 of the area may receive
slightly less water. If the low value were due to a poor field measure-
menit, perhaps no area would actually receive less. The amount of excess
water infiltered which is greater than the minimum needed will penetrate
below the root zone. If the minimum amount infiltered just matches the
soil moisture deficiency, the percent excess going too deep equals (100 -
DU).

Figure II-11 shows the data between sprinklers 5 and 6 from Form
II-1, overlapped to simulate a 50 ft. lateral spacing. The right side
catch is added to the left side catch with the totals at each point repre-
senting a complete irrigation for a 30 ft. by 50 ft. spacing.
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FORM II ~ 1. SPRINKLER EVALUATION DATA SHEET

Location Lot/ iz Observer J ./ Date 0 Seyid. 114
Crop Frgiatoes Soil Texture ¢. / Surface Runoff .-
Temperature A Humidity -, odere € Cloudiness /;/:/ e s
Wind direction arrow relative , y

to pipe flow direction begin \M during &  finish__ v
Wind magnitude, mph begin [ 7 during &~ finish -
Sprinkler make /4. & model 27 &5 nozzleséi;;j:_" X -
Sprinkler rating: pressure A% psi capacity y. Y gpm
Riser height /?f' lateral pipe size 3 ” slope of lateral - /, = “Zz
Comments / &s7t s .+ . {oo <7 J/'?L. el s .r'(‘_"}//'c’ Dotk d i
1000 i /. 2L R ({(;L e (25 pe /A" S S an ZeLl to) Cane g
VSl ot fes sy 2:00 4 al.

TEST DATA

Sprinkler spacing =7’ lateral move <0’ gauge spacing /7 = X
Sprinkler number

on the lateral : vl < € /0 end /<&
Sprinkler discharge

volume caught 15 gl X /& 1.0 [

time minutes LD ki A 2z S22 s
Rate caught gpm /. 7 “ 4 /& s Y.L
Pressure begin psi  «<° e v a) < 27 yd
Pressure end psi G5 %0 27 y&?
Evaporation can depth: begin 2./5 " finish =,/0"  loss L2
Time of test: begin 2:52 pr; finish__ /000" duration/;2! =/ 27

CATCH DATA IN GAUGE CANS

depth caught 3.6"
Show sprinkler' numbe/r on the lateral. Show computed rate in/hr e.g..————--—-m../hr
catsts in o N .
. AN 69, 77, G0, = 73, GG, 7 - /)7/_ ~ .
/0 =</ A 29 g .23 L2/ .03 “Yh
£ plr, £, 100, ™ 100, 52 3 - . .
74 LI/ 92 .3/ o 25l .16 Nzl
22, RN A 104, Hl 79, /Y /i . . .
SO w2 2 .32 o 3/ WL Y/
A Y A O R DA . . )
1O Ll .77 .32 AT s Waks
2 b 50 Pb.  BlMh__ sa. - . e
.y Ca L x T U230 2l 30 1T ZE
2, A 57 17, 27 Je /3. . .

California State Polytechnic College - Agricultural Engineering Department - August
1968



LATERAL SET

LATERAL SET

¢ )

DEVIATION FROM AVERAGE

A 8
50 FT.

-— 0.10 0.21 0.24 0.28

S ¢ 0.23 0.21 0.03 - — - lse
0.23 0.31 0.24 0.24 0.28
(0.03) (0.05) (0.02) (0.02) (0.02)
- 0.11 0.21 0.26 0.31 E
0.31 0.16 0.01 o ——
0.31 0.27 0.22 0.26 0.31 2
(0.05) (0.01) (0.04) (0.00) (0.05) :
-—- 0.10 0.16 0.22 0.32
0.31 0.15 0.04

S = == —==_ ¢S

59 0.3 0.25 0.20 0.22 0.32 S
(0.05) (0.01) (0.06) (0.04) (0.06)

Combined catch pattern in inches per hour between sprinklers

Figure II-11,
5 and 6 for a 50 ft. lateral spacing.

The total catch at all 15 grid points is 3.97 in. which gives

Av. Catch = gi%Z = 0,26 in./hr.

The average of the lowest 1/4 of the cans (use 4 out of 15) is

0.20 + 0.22 + 0.22 + 0.23

Av. Low % = 7 = 0,22 in./hr.

and

0.22 o
DU-mx 100 = 847

Repeating the above procedure for a 40 ft. lateral spacing will give

Catch = 3.97 0.33 in./hr.

Av. 12
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Av. Lowv % = 0.27 in.

0.27

= 6753 x 100 = 82%

DU

Alternate sets. It is usuallv desirable to use alternate sets in

which the lateral line is alwavs pl-ced midwav between the position used
at the oreceding irrigation. This results in a DU for the complete cv-
cle of two irrigations which is the same as if all moves were '; the normal
distance. Figure II-12 shows the comhined catch overlapped to simulate

a 60 ft. move.

LATERAL SET LATERAL SET
A B8
60 FT.
- - - - 0.10 0.21 0.2¢ 0.28
Ss* 0.23 0.21 0.03 - - - - - 45¢
0.23 0.21 0.13 0.2 0.24 0.28
- — - o.1n 0.21 0.26 0. -
0.31 0.16 o.O - - - — w
0. 0 .16 0 .12 0.21 0.26 0.3 g
- - - —— 0.10 0.16 0.22 0.32
0.31 0.15 0.04 - - --- |
55. 55
0.31 0.15 0.14 0 .16 0.22 0.32

Figure II-12. Combined catch pattern in inches per hour between sprinklers
5 and 6 for a 60 ft. lateral spacing.

The total catch in the 18 cans is 3.97 in. as before:

Av. catch = 3.97 0.22 in./hr
18
Av. lowly = ~22F+ 13 * 18+ .15 _ 4 14 45 /hr.

4
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0.14
Du=mx 100 = 64%

Figure II-13 shows the right half (3 columns) of Figure II-13 superim-
posed on the left half to simulate two irrigations with 60 ft. moves off-

set half way, i.e., 30 ft. Since each side of the new pattern will be

identical, only 30 ft. of the pattern needs to be computed from the al-
ready combined values for the 30 ft. by 60 ft. spacing presented in
Figure II-12, The data in Figure II-13 represents the catch from two one-

hour sets.

LATERAL SET LATERAL SET
A 8

60 /2 FT. —
0.23 0.21 0.13
S + 0.21 024 0.28 S -
6 0.44 0.45 0.41 1 % B
0.31 0.16 0.12 .
0.21 0.26 0.31 "
0.52 0.42 0.43 o
)
0.31 0.15 0.14
0.16 0.22 0.32
0.47 0.37 0.46

Figure II-13. Combined catch pattern in inches per hour between sprinklers

5 and 6 for a 60 ft, lateral spacing offset 30 ft. for a
second irrigation.

Again the total catch in the 9 cans for two irrigations is 3.97 in.

3.97

Av. catch = )

= 0,44 in./2 hrs.
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Av. low % = ;21_%;;&3.. 0.40 in./2 hrs.
0.40
Du-mx 100 = 912

It is interesting to note that the simple management program of alternate
sets improved the DU from a low of 647 for a single irrigation, to 91% for
the sum of two irrigations. The alternate set procedure will not overcome
an 1nadequate irrigation depth between the laterals which would excessively
stress the crop during the intervals between the two full irrigations. A
moderate under-irrigation in the mid-area is not detrimental if adequate
molsture is applied in the upper portion of the root zone and frequent irri-
gations are employed, since the deficiency from the first irrigation will
occur at the bottom of the root zone from which very little moisture is

extracted.

Coefficient of uniformity, Cu

A common way to present sprinkler uniformity is the Cu, which is a
statistical representation of the catch pattern. When expressed as a

percentage, it is calculated by

average deviation from the average catch) % 100

Cu= @ - average catch

From Figure II-11 the summation of the deviations, from the average catch
of 0.26 inches, is 0.51 inches. Since there are 15 grid points, the
average deviation is 0.51 in., divided by 15, and it follows that

_ 0.51 , .
Cu= (1 - 076 = 15) X 100 = 872

Applying DU and Cu
The DU is computed using the average depth of catch in the fow quarter

of the pattern. The Cu computed from the same data would be considerably
higher, since it 1s more nearly related to the average depth in the fow
half of the pattern. Table II-1 gives the average statistical relation-
ehip between Cu and DU, so either value tan be approximated from the other.
To achieve high uniformity values close sprinkler spacings are generally
required. In general, the closer the sprinkler spacings, the higher the

system costs.
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Table II-1. Average relationship between Cu and DU.

Cu DU Cu DU
Percentage Percentage

98 97 80 66

96 93 76 60

92 87 72 54

88 80 68 49

84 73 64 A

For high value crops, especially those with shallow roots, the most
economical systems usually have high uniformities, i.e., DU above 80% (or
Cu above 88%). For typical field crops with medium root depths and soils
the most economical uniformity normally ranges between a DU of 70 and 80%
(a Cu between 82 and 887%). For deep rooted orchard and forage crops and
where there is a substantial quantity of supplemental rainfall, the most
economic uniformity is often relatively low being in the range of DU be-
tween 50 and 70% (a Cu between 70 and 82%).

Potential irrigation system Efficiency, PE

The PE should be determined in order to evaluate how effectively the
system can utilize the water supply and what the total losses may be,
Then the total amount of water required to fully irrigate the field can be
estimated. The PE 1is calculated by

_ min., rate caught
PE = av., rate applied 100

The difference between the water applied and the water caught 1s an
approximation of evaporation and drift losses plus water loss due to soi-
of the area being ungauged. (Rate rather than depth should always be

used for computing PE to avoid confusion with AE). The PE indicates how
well the tested sprinklers are able to operate if they are run the correct
length of time to just satisfy the smd, It 1is, therefore, a measure of
the best management can do and should be thought of as the potential of

the system.
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The average water application rate in inches per hour 1is computed
from the sprinkler discharge in gpm and the sprinkler and lateral line

spacings in feet by

96.3 x gpm

ft. x ft. - in./br.

Application rate =
From Form II-1 the average discharge of the sprinklers tested was 4.6 gpm.
Therefore, the application rate for a 30 ft. by 50 ft. spacing is

96.3 x 4.6
Application rate = 30 x50 " 0.30 in./hr.

For the area between sprinklers 5 and 6 and a 30 ft. by 50 ft. spacing,
where the average catch in the low quarter of the cans was 0.22 in./hr.
0.22
PE 0.30 x 100 73%
Tables II-2 and I1I-3 give a summary for DU, Cu and PE computations with
various lateral spacings, for the area between sprinklers 5 and 6 and
the area between sprinklers 4 and 5, computed as above from the data pre-

sented in Form II-1.

Table II-2. Summary of efficiencies for various move distances for the
area between sprinklers 5 and 6.

Spacing in Ft,.

30 x 40 30 x 50 30 x 60 30 x 60 alt.

DU 81 84 64 91
Cu 87 87 75 93
PE 73 73 56 81

A comparison of values glven in the tables illustrates the problem
of choosing a typical or minimum site. It should be assumed that there
are other sites in the field which are poorer as well as better than the
tested site; therefore, computed efficiencies are not exact although they

are useful for evaluating the system,
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Table II-3. Summary of efficiencies for various move distances for the
area between sprinklers 4 and 5.

Spacing in Ft.

30 x 40 30 x 50 30 x 60 30 x 60 alt.

DU 79 76 50 82
Cu 86 88 70 91
PE 70 67 44 72

Actual application storage Efficiency, AE

The effectiveness of the use of the sprinkler system can be determined
by how much of the applied water is stored in the soil and available for
comsumptive use. If an inadequate irrigation is applied the AE may be
very high, since only the water which evaporates may be lost if none goes
too deep. If excess water is applied, however, much of it may go too deep
and be lost resulting in an AE considerably lower than the PE. (The DU
and PE values may not be affected by the depth applied.)

The units for calculating AE are given in terms of depths, but not
rates, since the maximum depth stored cannot exceed the smd which equals

the depth of water that can be stored. The AE is calculated by

min. depth stored in the root zone x 100

AE = average depth applied

For this test the normal irrigation was for 23.5 hours. With the 30 ft.
by 50 ft. spacing the average application rate was 0.30 in./hr. and the

total average depth applied was

Dav = 0.30 in./hr. x 23.5 hrs, = 7.0 in.

The minimum rate caught was 0.22 in./hr. (Or alternatively, with PE = 73%, =
0.30 x 73% = 0.22.) Therefore, the '"minimum" depth infiltered was

D = 0,22 in./hr. x 23.5 hrs. = 5.2 in.
min.

It was determined that the soill holds about 2.2 in./ft. of available mois-
ture, the root zone depth was 4.0 ft. at that time, and a 50% Management
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Allowed Deficiency, MAD, which will not excessively stress the crop
is considered acceptable. At the time of irrigation, the smd should be
checked to see if it is at the desired deficiency of 2.2 in. x 4.0 ft. x
50% = 4.4 in., since the amount stored cannot be greater than the exist~
ing smd. The sprinklers as tested were applying 5.2 in. in 23.5 hours,
which is more than enough. This gives an AE of

4,4

AEET.HX 100 = 63%

It should also be noted that this is considerably less than the PE of 73%
and could be improved by reducing the application time so that PE = AE,

Analysis and recommendations

A number of obéervations and recommendations can be made from the
information on the Sprinkler Evaluation Data Sheet, Form II-1, the sum-
maries of computations in Tables II-2 and II-3 and the value of AE.

The pressunes along the lateral line are very uniform since the ground
which slopes down at 15% for 420 ft. drops 6 feet which compensates for
much of the pressure loss.

The typical sprinklers location on the lateral can be assumed to be
between sprinklers 4, 5 and 6 since the pressure is very uniform. Tests
at other pressures were not made although they might show a pressure change
would be desirable. (See Figure II-9.) Since the test was short and
longer tests usually produce higher DU and PE values, except where a
sprinkler is defective, the higher values from Table II-2 were used rather

than averaging the two tables.

Water losses. Other than deep penetration, water losses are indi-

cated by the differences between the average rates applied and caught.

This includes drift and other losses in the air, water falling on ungauged
areas and evaporation and other losses (or additions) from the containers.
Evaporation losses from the droplets as they pass through the air are re-
lated to humidity, air and water temperature, wind speed and drop size.

Such losses typically range from 2 to 15% being lowest at night. Drift

1s related to wind velocity and drop size and may range from negligible

to above 57%. The fact that the wetted perimeter seldom coincides with the
line midway between grid points typically results in an average can catch
which is about 2% low. Evaporation from the open catch containers, however,

can exceed 0.4 in./day. It will be a greater percentage of the catch along
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the edge of the pattern than from near the sprinklers where the catch

is deeper and the containers are also wet more on the outside. The mag-
nitude of this evaporation loss can be estimated by f:he water loss from a
container set adjacent to the test area as described earlier. Clouds,

wind and humidity have major effects on the direct evaporation losses

from the containers. When using the volumetric procedure to determine

the depths of catch as was done for the sample evaluation, some water clings
to the can walls and remains unmeasured. The fact that some of the contain-
ers may be tipped and thus catch more or less than their share also adds

to the inaccuracy of measurements. Since it is impractical to precisely
measure both the water applied and the water caught, the amount of water
unaccounted for is only an approximation. For the 30 ft. by 50 ft. area
between sprinklers 5 and 6, the average rate caught was 0.26 in./hr. and

the average rate applied was 0.30 in./hr. Therefore, rate unaccounted for
was 0.04 in./hr. or (0.04/.30) x 100 = 13%. The accuracy of these measure-
ments, as well as that from the evaporation can for the short test, i.e.,
0.05 in./1.58 hr, = 0,03 in./hr. (see Form II-1) were such that the eva-
poration can incorrectly accounts for almost the entire computed loss.

Improvements. Several improvements may be considered even though some

may not be practical or economical.

1. The move distance of 50 ft. presently being used is acceptable as
far as uniform distribution is concerned, since DU is above 80%. (The
corresponding value of Cu, which is above 857%, is also considered as
reasonable.)

2. A 60 ft., lateral move with alternate sets is appreciably more
efficient than the 30 ft. by 50 ft, spacing being currently utilized, i.e.,
from Table II-2, PE = 817 rather than 73%. The 60 ft. move would also
reduce labor by nearly 20%.%*

Alternate set irrigation will usually improve DU and PE, but unless
the hours of operation are reduced, or MAD increased, there would be no
improvement in AE.

3. The duration of application can be reduced so that only 4.4 in.
is applied. The minimum application rate for the 50 ft. lateral spacing

*At the resulting reduced average application rate of 0.25 in./hr., an
adequate irrigation of 4.4 in. would be completed in 22 hours, i.e., 0.25 x
81% x 22 = 4.4 in. Although the original MAD could be increased to 5.2 in.,
only 4.8 in. would be applied in the maximum 23,5 hour set. Therefore, the
frequency could not be decreased to minimize labor. However, water would
be saved by having the higher PE and irrigating at a lower smd.
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is 0.22 in./hr., so the proper duration = 4.4/0.22 = 20 hours. The
change to a 20-hour operation instead of 23.5 hours may be easily accom-
plished by turning the system off; however, it may be impractical if a
constant flow is being delivered from a ditch and no reservoir is avail-
able. On some installations, an automatic time activated cutoff may be
installed. Where less than 24 hr./day operation is used it may also be
practical to schedule the shut off time to avoid a windy period.

4. The rate of application can be reduced to obtain the desired
duration and depth relation by either reducing pressure or using smaller
nozzles. These changes will affect DU and PE and require further testing.

Pressure can be reduced by throttling which may save water unless DU
becomes much lower, but will usnallv not reduce power cost. However, the
pump speed or impeller diameter may be changed thereby saving both water
and power.

Smaller nozzles may require a change in pressure. For example: a
9/64 in. nozzle at 45 psi delivers 3.7 gpm applying an average of 0.24
in./hr. on a 30 ft. by 50 ft. spacing. With a PFE of 77%, the system will
apply a minimum of 4.4 in. in 23.5 hours. A test would be needed to
check the PE, but from Figure II-9, 77% appears reasonable,

5. It would be possible to increase AE by increasing the interval
between irrigations so that the smd at which irrigation is applied is
5.2 in. The MAD would then be S.é/(4.0 ft. x 2.2 in./ft.) = 60% instead
of 50% as previously chosen. For many crops this would not result in a
detrimental stress and would be the most practical answer for saving both

water and labor.

Summary
The test area was typical of the whole lateral, since pressures

were very uniform along the line. Furthermore, the lateral on which
the test was conducted was typical for the whole system. Tests at
lower pressures or with 9/64 in. nozzles would be desirable for evalu-
ating the fourth improvement nresented above.

The duration of the test was short (1.5 hrs.) so depth measurements
were calculated from volumetric data to obtain acceptable accuracy.

Two adjacent test areas gave significantly different DU, Cu and PE
values,

The DU and PE were reasonably high and indicated that the system
was capable of providing efficient irrigation.


http:4.4/0.22

I1-27

Water losses under the test condition were about as low as could
be expected.

For the desired MAD of 4.4 in., the designed 23.5~hour duration was
too long and resulted in a low AE. This may be corrected by operating
only 20 hours; by reducing nozzle size and re-checking DU and PE; by
operating at a lower pressure which probably would result in a low DU
énd PE and defipnitely should be re-evaluated; hy using 60 ft. alternate
set moves which would save labor as well as water and should be the
first choice 1if practical; or by increasing the MAD to 5.2 in. (60%) which
should be acceptable for mature tomatoes.

Field variations and measurement inaccuracies, particularly smd do
not permit a high degree of accuracy. However, the field evaluation
and analytical technique presented above are useful for defining system

design and management problems.

Further evaluation

In addition to checking the AE and ways for improving it, an econ-
omic study may also be valuable. Wh2re pressure is created by pumping,
the pressure loss in the pipe lines and/or the cost of higher pressure
to increase capacity may be uneconomical. A general rule of thumb which
also gives good uniformity, but not necessarily good economics, requires
that the pressure drop due to friction and elevation in the lateral be
less then 20% of the average design pressures. This results in about 10%
range in sprinkler discharge rates and about 27 excess water over the
average application. The lateral inlet pressure should be the design
pressure plus 3/4 of the pressure difference due to friction loss. This
can be seen by referring to Figure II-8.

The following example illustrates the economics. In Form II-1 the
inlet pressure was 45 psi and all other tested pressures were very close
to the desired 40 psi for the 2 in. lateral line tested.

A study to compare the losses in a 3 in. pipe shows that the inlet
pressure would be 39 psi and the pressure along the line and at the end
would average 40 psi, since the slope more than compensates for friction
losses. The economic value of the 45 - 39 = 6 psi savings in terms of
reduced power costs would need to be compared with the increased annual
ownership cost of the larger pipe. There would also be a small savings of

water due to the more uniform pressure. The same principle can be applied
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to pressure loss along the main line. The problem of achieving uniform
watering along the boundaries of fields can often be solved by tipping
sprinklers. Since sprinklers depend on overlap to apply an adequate
depth of water between lines, an adequate depth is usually applied along
the edge of fields where there is no overlap. In established crops the
sprinkler range may be reduced and water concentrated along the edge by
tipping the risers to shorten the distance of throw. On the end of the
lateral, the last sprinkler can be set back about a quarter of its throw
diameter from the downstream boundz~y and the riser bent downstream.
Along the edges of the field parallel to the laterals, the whole line
must be tipped (or rolled). This should only be done to established
crops, because of the increased jet impact caused by tipping could
damage young seedlings. Since pressure differences exist throughout the
pipeline network, adjustable valves should be provided at each lateral
inlet and the inlet pressure set to the desired value. Where maximum
Pressure variations in a lateral are too large, due to topography, flow
Oor pressure regulators may be installed in the risers to establish a
relatively uniform flow rate for all sprinklers.

Maximum rates of application usually occur close to the sprinklers
although the maximum combined depth may be elsewhere. The maximum rate,
which does not vary with the move distance should not exceed the soil in-
take rate. Sometimes where runoff is a problem, infiltration can be im-
Proved by increasing the operating pressure. This reduces the instantaneous
application rate and drop-giie although the average application rate
will be increased. If increasing the operating pressure is impractical

or unworkable, nozzle sizes must be reduced.
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Orchard Sprinklers

This section will cover the procedures for evaluating under-tree
non-overlapping (or slightly overlapping) patterns with portable or
solid set sprinklers. The uniformity of overtree sprinklers, useful for
frost protection and climate control as well as for irrigation, can only
be evaluated at the tree canopy level. The interference of the catch
pattern by the trees makes soil surface measurements impractical. How-
ever, it is the ground level distribution that is important for irriga-
tion. Observations will give some idea of how much is dry and probing
will give an indication of uniformity. Under-tree systems requiring
overlap from adjacent sprinklers to obtain uniformity can be evaluated
by the standard open field evaluation technique described in the above
previous section.

Some potential problems relative to orchard sprinklers which should
be considered when selecting the equipment are: 1. does wetting the soil
around the tree trunk induce diseases and would a shield give the trunk
sufficient protection; 2. will the spray cause fruit damage; 3. do low
branches and props seriously interfer with the pattern uniformity; 4. does
salinity of the water cause damage to wetted leaves and is the water
supply sometimes inadequate so that it is desirable to use sprinklers

which can be adjusted to wet a smaller area when necessary?

Evaluation
The data needed for evaluation of an existing under-tree non-

overlapping system consists of determining the:

1. Depth or volume of water caught in a radial row (or rows)
of catch containers from several sprinkler..

2. Duration of test.

3. Dburation and frequencv of normal irrigation.

4. Flow rate from tested sprinkler.

5. Flow rate and pressure at several other sprinkler locations.

6. Soil moisture deficiency, smd, and Management Allowed
Deficiency, MAD.

7. Sprinkler locations relative to trees.

8. Spacing of tree arrangement and size,
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9. Sequence of operation.

10. Percent of area wetted.

Equipment needed

The equipment needed is essentially the same as for the full eval-
uation of fixed grid sprinklers listed on page II - 9. However, a
pressure guage is not absolutely essential and only 10 to 15 catch con-

tainers are needed.

Field procedure

The information obtained for the following field procedure should
be entered in a data sheet similar to the one shown as Form II-2.

1. Choose radial row locations where water will only be caught
from one sprinkler. It is best to test several sprinklers at different
locations to check for system variations and improperly adjusted sprinklers.
Fortunately, to save time it is practical to simultaneously test several
sprinklers with different adjustments and pressures.

2. Determine the soil texture and profile, and estimate the avail-
able soil moisture capacity of the soil and root zone.

3. Make a smd check in the area of the pattern wnich will receive
a full depth of irrigation. This area should represent about half or
more of the sprinkler pattern and not be affected by overlap or tree drip.

4. Note the tree spacing pattern and the location of the sprinklers
relative to the trees.

5. Note the nozzle size, riser height, jet trajectory height, and
sprinkler rotation characteristics.

6. Observe sprinkler operation at higher and lower pressures, then
set the pressure back to "normal" to make the evaluation test.

7. Measure the discharge of the test sprinkler including any leak-
age. “werall system uniformity can be evaluated better by flow rate
determinatiosns than pressure checks; however, a knowledge of pressures is
desirable.

8. Set out a radial row of catch containers as shown in Figure II-14
in an upright position. If unusual conditions such as wind or steep
slope exist, four symetrical rows of containers should be used; however,
if wind is negligible, as it often is in orchards, one row is adequate.
Remove any potential interference due to weeds, branches, props, etc.
Space the first container 1.0 ft. from sprinkler, and the rest 2.0 ft.

apart to cover the full range of the jet.
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OVERLAP
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'\ " RADIUS I

Figure II-14. Layout for orchard sprinkler test.

9. Note the starting time of each test, being sure that all con-
tainers are empty.

10. Note operating conditions such as wind, impact on trees and
resulting drip, overlap on next sprinkler patterns if any, uniformity
of rotation, etc.

1ll1. Terminzte each test and note the time. If practical continue
each test for a full irrigation, (watch out that containers don't over-
flow) or until at least 1.0 in. is caught in some containers.

12. Measure and record the depth or volume caught in each container.

13. Use the soil probe at end of test to check the pattern. At the
end of a normal irrigation andagain one or two days later, check the
penetration in various parts of the pattern to assure that an adequate

depth has infiltered.
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FORM II - 2. ORCHARD SPRINKLER EVALUATION DATA SHEET

Location observer /. /) date /7 Jeew: JS

Soil texture S$2ucly Joa s profile Jeeo cinides »),available moisture /.4 in./ft.
VA

root zone depth .0 LMADX 4o MAD inches ‘. ¢ ,smd inches /. &

Type of system 7 Acad /io5e Gre /e 20 1,07¢ Sidey CYOP . 1, wfe =

Tree interference ) eaqligré/e s wind s 2gliq b/
o 4 7 T4
Tree spacing A X Y _, tree pattern _ Sye7 /¢

Comments 200 m/ = 100" Sep it i gquart cof s

Sprinkler: make ,model ,nozzle size
Sprinkler flow rateZ/pp X — min./gal.; ./ + — = /7 gpm
Sprinkler height /2" ,jet neight #0’’  ,pressure -
Time: start 7 20 prn ,finish J:00am ,duration /& . 7 haurs
Farm irrigation: duration 24 hours, frequency 2/ days
4 . in./hr.
Average rate applied = 96.3 EPR - 39,6 EBPR __ = 30.6 //;. = A4 n./hr
- — area /3.3
radius
Average rate caught (infiltered) effective quarter
. g _ radius radius rate
inner quarter , 40%  x /3. 3 = 4.2 . |2
second quarter 60% x = g0 , ,2Z
third quarter 78% x = /0.4 o /8
outer quarter-- . ,93% x = /.3 , .04
total .48 +4=_.s7 in./hr.
infiltered
Instructions:

1. Enter below the radial distance, the depth or volume caught in container

2. Compute rate of catch for each location.
3. Plot rates at each location and resulting rate profile.
4. Note effective radius where rate profile is zero. Enter in table.
5. Compute radius for center of each quarter area. Enter in table.
6. Note and enter in table rate at radii in number 5.
7. Sum the rates in all four quarters and divide by 4 to get average rate
caught.
Digtribution Characteristic
4 is % area wet at average rate
° &
ha Radius at average rate /2.8
. ©
E -3 S Radius Ratio = average/effective
~ — = ppgl/3.5=_2/
R P , —/0:3/2.. 10 g a
o \ ,174in. /hr. DC‘(RR) xlOO = (aé/) x100= é’é “
&4
| radial distance, feet depth, or
0 volume rate, in./hr.
0 2 4 6 8 10 12 14 16
28 24 25 24 24 2/ £ _
2z /2 20 2% i fo A
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Utilization of field data

The recorded field information should be reduced to a form which
can be conveniently used and studied. The depths or volum-s caught
should be converted to rates in inch/hour the rate profile plotted as
shown on the sample Form II-2 and the effective radius noted.

From the effective radius of 13.3 ft. the radius at which the approx-
imate average rate occurs for each concentric quarter of the area, can
be computed as demonstrated on Form II-2. For example, the radius at
which the average rate occurs in the outer quarter is at 93% of the effect-
ive radius, i.e., 0.93 x 13.3 ft. = 12.3 ft. An approximation of the
average rate caught over the total wetted area is the sum of the rates at
the quarter points divided by four, i.e., (0.20 + 0.22 + 0.18 + 0.08)/4 =
0.17 in/hr. It is usually assumed that the water caught is equivalent to

the water infiltered.

Distribution Characteristic, DC. For a single non-overlapping sprinkler,

DC is the percent of the total wetted area that has infiltered more than
the average depth. It is determined as illustrated on Form II-2 by first
drawing a line representing the average rate of a 0.17 in./hr. across
the rate profile line and noting the radius of 10.8 ft. where the two
lines cross. Then calculating the ratio of this radius to the total
radius and multiply the square of the ratio by 100 as follows

10.8

Radius ratio = 133 = 0.81

and:

DC

(Radius Ratio)2 x 100
0.81)% x 100 = 66%

The DC relates to the uniformity of that portion of the central wet-
ted area that may contribute to deep percolation losses even under good
management. High DC values indicate that potential deep percolation losses
are low and the adequately irrigated area may be relatively large. The
DC can approach 1007 which indicates an extremely uniform application,
providing there is very little overlap or tree interference. A DC
greater than 507 is considered satisfactory and the example problem's

value of 66% indicates a very good pattern.
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Application storage Efficiency, Ea' In the area wetted the Ea shculd

be determined so that the effectiveness of the irrigation can be evaluated.
The AE cannot be used for orchard systems which only wet part of the area

since the minimum depth would be zero.

_ average depth stored 100

a average depth applied

In computing the average depth stored it is assumed that all the water
which falls on each spot within the wetted area up to the smd is stored.
Water in excess of the smd is lost to deep percolation. The following
procedure is presented to aid in the calculation of the average depth
stored:

First determine the depth that would be applied at each catch point
by multiplying the rate values calculated on Form II-2 by the duration
of a normal irrigation, which for this example is 24 hours. Then plot
the depths of application as shown in Figure II-15 and draw a line across
the depth profile representing the smd. For this illustration the smd
equals 4.0 in. and is assumed to be uniform. All moisture above the smd
line will be stored in the soil. (Overlap and/or distortions caused by

the trees are not included.)

RADIUS FROM SPRINKLER _FT_

0 ? ? ? ? 1P 7 1? n4 !§ 18 %0 22

i1
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Z T I
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Figure 1I-15. Water application profile for 24-hour set.
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To determine the average depth stored above the smd line multiply
the average depths infiltered into various portions of the area by the
portion of the area receiving that depth. The sum of these products will
equal the average depth stored. The entire area inside the radius at
the intersection between the smd and the depth profile will store the
smd. With a fairly uniform profile, one average value is adequate for
the area beyond the smd line intersection; however, with more curving
profiles, two areas will give better results. For Figure II-15, one outer
section would be adequate hut two are used for demonstration. The steps
used to calculate the average depth along with numerical values based on
Figure II-15 are:

1. Find the radius at the smd intersection with the depth profile
(10.8 ft.) and one other radius (12.0 ft.) dividing the under-watered
profile into two convenient sub-areas.

2. Determine the ratio between these radii and the effective radius
of 13.3 ft., (10.8/13.3 = 0.81, 12.0/13.3 = 0.90).

3. Find the corresponding percent area included inside each radius
(0.81)2 x 100 = 66%, (0.90)% x 100 = 81%).

4. Determine the percent of the total area of each of the three sub-
areas defined by the two intermediate radii. For this example, they
are 667%, 81 -- 66 = 15%, and 100 - 81 = 197%.

5. Estimate the average depth in each sub-area from the depth pro-
file (these can be taken at the middle of each sub-area with adequate
accuracy). From Figure II-15, these are the smd of 4.0 in., 3.2 in. and
1.2 in.

6. Multiply each sub-area percent by the corresponding average depth.

The sum of the products divided by 100 is equal tc the average depth stored.

0.66 x 4.0 = 2.6 in.
0.15 x 3.2 = 0.5
(.19 x 1.2 = 0.2
Total = 5:3 in.

The average depth applied is computed by beginning with the average

sprinkler discharge rate of 1.1 gpm and the wetted radius to obtain

_96.3 x gpm

Application Rate =
pplication Rate wetted area
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_96.3 x 1.1

Application Rate =
pplication 3.14 x 13.3

2 = 0.19 in./hr.

and for a 24 hour set
Av. depth = 0.19 in./hr. x 24 hrs. = 4.6 in.
The Ea can be computed (assuming negligible overlap and drip which

could cause some wster to go too deep) by

Analysis and recommendations

The irrigation objectives must be known before the system operation
can be intelligently evaluated. Uniformity of application and the €gi¢-
ciency of storning water for plant use are the two most important
points to be considered. For evaluating orchards' sprinkler systems,
uniformity and efficiency must be qualified, since it is not practical
to have complete coverage in many situations. Fortunately with mature
trees having extensive root systems the extraction occurs wherever there
is soil moisture. Therefore, any stored water may be absorbed by the
roots.

The uniformity of irrigation may be evaluated by the Distribution
Characteristic, DC. Since only part of the area is left dry, the smaller
wetted area should be irrigated proportionally more often to supply the
total water needed for evapo-transpiration. For example, if only half
of the area is wetted, the irrigation frequency must be doubled. (Sece
Intentional Under-Irrigation in the Introduction section).

The most important objective of the field evaluation is to determine
how effectively the water is being applied. Since orchard irrigation al-
most always leaves some areas and depths under-irrigated but still re-
sults in a very satisfactory irrigation program, the term Application
storage Efficiency, Ea’ was developed to replace AE.

Unifonmity was good as indicated by the DC of 66%. A much higher
DC value having a greater depth infiltered near the peérimeter would
result in a little water going too deep because of overlap, unless the
effective radius of 13.3 ft. were reduced, i.e., the wetted diameter
should be reduced from 26.6 ft. to nearly 24 ft. which is the tree spacing.
(See Figure 1I-14.)
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Application efficiency as represented by the E of 72% is a fairly
low value particularly in view of the value of DC. A study to determine
why the Ea is low will indicate what management steps might be taken to
improve efficiency.

Unaccounted Losses such as evaporation are equal to the difference
between the rate applied (0.19 in./hr.) and the rate infiltered (0.17 in./hr.).
This is equal to (0.19 - 0.17)/0.19 = 10% of the water applied which is
too high for evaporation only. However, it is a reasonable figure, since
it also includes any measurement errors. These losses cannot be controlled
by management practices,

Losses bi deep penetration can be identified by the differerces
between the average depths infiltered 0.17 in./hr. x 24 hrs. = 4.] in.

18% of the applied watcer,

and stored 3.3 in.  This (4.1 - 3.3) / 4.6

which poes too deep, is a large amount for a partial area irrigation
program. By observing the depth profile and the 4.0 in. smd line on
Figure IT~15, it can be seen that there is appreciable deep percolation
in the central portion of the pattern even though it is nearly uniform.
A depth of 5.0 in. infiltrates near the sprinkler while only 4.0 in.
can be stored. This excess depth occured because the 24-hour set time
is too long.

Improvements. A major area for improvement would be the reduction of

deep percolation losses. This could be accomplished by:

I. Reducing the time of irrigation to less than 24 hours.

2. Reducing the frequencv bv a day or two, other corn”itions except
duration remaining the same.

3. In addition, try reducing the pressure to reduce the flow rate
so that the 24-hour duration could be continued. The results would need
to be re-cvaluated to see if they were satisfactory. The pattern could
become oven better than before, as will be shown.

Tame of crndgatoon, T(, which is how long irrigation should be run
teo replace the smd, can be found by trial. Noting in Figure II-15 that
5.0 in. is representative of the maximum infiltered depth for a 24-hour

set and smd is only equal to 4.0 in., 'I‘i can be estimated from
T. = = x 24 = 19 hrs.

Using instead of the original 24-hour set duration, a new value of

E similar to Figure 11-15 can be determined. This will require plotting
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a new depth infiltered profile and proceeding with the evaluation out-

lined earlier to obtain

(W%)

x 100 = 897

mrrj

]
2l
NS

The figures showed the unaccounted losses remained at about 10%, but the
losses to deep percolation were reduced to only 1%. The average depth
stored in the wetted area was reduced from the initial 3.3 in. to 3.2 in.,
because less of the area received the full smd of 4.0 in. This will
require reducing the irrigation interval to 3.2/3.3 = 97% of the initial
interval; however, the application time will be reduced to 19/24 = 79%

of the original.

Average depth applied. The ratio of wetted area to actual tree

area must be determined before the average depth of water (or volume) to
be applied to a field and the probably frequency of irrigation, based
on anticipated evapo-transpiration rates, can be computed. The wetted

area provided for each tree is
_ .2 2
Ay = mr” = 3.14 x 13.3" = 556 sq. ft.
and the area occupied bv each tree on a 24 ft. by 24 ft. is

At = 24 x 24 = 576 sq. ft.

Evapo-transpiration and water applied are computed on a field basis
assuming the entire soil area is functioning. Therefore, for the 24-
hour set where the average depth stored in the actual wetted are is

3.3 in. the average depth of water stored over the whole field is

_ 556 ~ .
D, = 357 x 3.3 =3.2 in.

Alternate sdide {digation is generally a good management practice.
It is an especially good when the portion of the total area wet is small,
since it provides additional safety by reducing the average crop stress

between irrigations.

Summary
The ana. sis of the ficld measurements provided information about

the sprinkler and its operation. The DC of 66% indicated the pattern was
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uniform with a fairly rapid drop off in application rate at the outer
perimeter. A little higher value and steeper drop off would be even
better, since there was only a small overlap at the operating radius of
13.3 ft. with 24 ft. tree and sprinkler spacing. The current irrigation
management program of 24-hour sets produced an Ea of 72%. This is quite
low for orchard sprinklers, since 287% of the applied water would not be
available for the trees. Of this approximately 10% was lost to evapor-
ation and/or possible inaccuracies. (Leakage from the sprinkler was not
measured and is not included in the 10%). The remaining 18% went too
deep. This deep percolation loss was caused by running the sprinkler 24
hours which was too long. The study showed that 19 hour sets would improve
the Ea to 89%.

For the smd of 4.0 in., an average of about 3.3 in. was stored in
the wetted area by the 24-hour set, but only 3.2 in. would be stored with
a 19 hour set. Changing to a 19-hour set would require slightly more fre-
quent (37%) irrigation but only require 79% as much water per irrigation.

For this non-overlapping pattern, which only wets part of the soil,
The averapge depth of 3.2 in. stored over the entire area should be
used for irrigation frequency computations based on the evapo-transpiration
rate. For determining the deficiency at which to irrigate from field soil
moisture deficiency checks, the smd should be matched to a MAD in the
central, uniformly irrigated area. Since at the time of this field study,

smd = MAD = 4.0 in., it was the correct day for irrigating.
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Center Pivot Sprinklers

Center pivot laterals continuously move while irrigating. The
inlet end of the lateral is fixed to the stationary pivot point while
the other end moves in a large circle. The lateral consists of a series
of spans ranging in length from 90 to 250 feet and supported above the
crop by drive units (see Figure 1I-4). Devices are provided at each
drive unit to keep the lateral in line between the pivot and end drive
unit which is set to control the speed of rotation. The area irrigated
by each sprinkler (with a constant sprinkler spacing) along the lateral
grows progressively larger toward the moving end. Therefore, the sprinklers
must be designed to have progressively greater discharges and/or closer
spacings to achieve a uniform application.

The most ccmmon length of center pivot lateral is a quarter mile
(1320 ft.) to irrigate the circular portion (130 ac.) of a quarter section
(160 ac.). Typically, the application rate near the moving end is 1.0 in./
hr. or greater. This exceeds the intake rate oi most soils except for
the first few minutes at the beginning of each irrigation application.

To minimize surface ponding and/or runoff the laterals are usually rotated
every 10 to 72 hours depending on the soil infiltration characteristics,
system capacity, and MAD.

Under such high frequency irrigation, smd checks are mainly use-
ful for evaluating deep moisture conditions. This is especially true
where intentiornal under irrigation is practiced to utilize deep stored
moisture.

The field evaluation of center pivot sprinklers involves checking
the: DU along the lateral, reletive uniformity problems due to topography,
infiltration and/or runoff along the outer end, crop condition, and deep
moisture conditions.

Center pivot systems are propelled by utilizing scme of the water
or by independent power sources such as electricity, oil hydraulics,
compressed air, etc. Where water is used, it must be included as part
of the total applied water and usually results in some lowering of
efficiencies. When the water discharging from the pistons or turbines
is distributed as an integral part of the irrigation pattern, its effect-
iveness should be included in DU; otherwise it should be ignored in the

DU computations.
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There are similarities between the procedures and logic behind
the evaluation of all types of sprinkler systems. To shorten this
section on center pivot systems, many parts will depend on a good
understanding of the procedures presented under "Full Evaluation -

Fixed Grid Sprinklers."

Evaluation
The following information is required:
1. Rate of flow from water drive motors and total system.
2 Depth of water caught in the catch containers.
3. Speed of travel of end drive unit.
4. Machine length to end drive unit and additional radius irri-

gated.

(%]

Width of the wetted strip at end drive unit.
6. Pressure and size of largest sprinkler nozzles at the end of

the machine.
7. Approximate elevation differences (*5 ft.) between the pivot and
high and/or low points in the field (and along the line of the
test position).

8. Additional data as indicated on the data form.

An accurate measurement of the flow rate into the system is needed
for determining the PE of the system; however, if there is not an accurate
flow metering device at the inlet, the PE can only be estimated. Under
hiyh frequency irrigation, it is difficult to evaluate the AE since the
typical irrigation depth of 0.3 to 1.0 inches may be less than the

provable accuracy of the smd estimate.

Equipment needed

In addition to the equipment listed for the full evaluation of
fixed grid sprinkler systems the following would be useful: a hand level
to check elevation differences and metering equipment for checking system

capacity.

Field procedure

Fill in the data blanks of Form II-3 as the field procedure is

conducted in the following stages:
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1. In a field with a low growing or no crop, test the system when
the lateral is in a position with a minimum of elevation differences.
In tall growing crops such as corn, the system should be tested where
the lateral crosses the access road to the pivot point.

2. Set out the catch containers along a radial path beginning at
the pivot with a convenient spacing no wider than 30 ft. A 15 or 20 ft.
spacing is preferable. The radial path does not need to be a straight
line and the containers can be placed just ahead or the wetting front. A
most convenient spacing can be obtained by dividing the span length by
a whole number such as 4, 5, 6, etc. For example, if the span length is
90 ft. use a 30 ft., or better yet a 22.5 ft. spacing. This simplifies
the catchment layout since measurements can be made from each wheel track
and the spacing related to the span, i.e., 4th span + 50 ft. Obviously,
containers should not be placed in the wheel tracks or where they would
pick up the waste exhaust water from water drive systems (where the
exhaust is not distributed). Where an attempt is made to incorporate the
exhaust wat::r into tle pattern the containers should be laid out to pick
up reprrsentative samples of the water.

As an example, a typical layout between wheel tracks for 90-foot
spans and any type of drive might be:

a. Place the first container 5 ft. downsftream from the in-
board wheel track.

b. Place the next 3 contailners at 22.5 ft. intervals.

c. The last container will now be 17.5 ft. from the down stream
wheel track.

d. Repeat the above procedure to the end of the actual circle.
It is most convenient to leave out the first few containers adjacent to
the pivot. Typically, the containers under one or two spans are omitted
with little adverse effect on the evaluation. A number should be assigned
to each container location with a sequencial numbering system beginning at
the pivot end. (Even the locations which do not have containers under
the first spans should be numbered.)

3. Determine the length of time it takes the system tw make a
revolution. This can be done by dividing the speed of the end drive unit
by the circumference of the outer wheel track.

a. Stake out a known length, say 20 ft., along the outer wheel

track and determine the time required for a point on the drive unit. to
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travel between the stakes. The speed of travel will be the distance
divided by the time. (An alternate method is to determine the distance
traveled in a given time, say 10 minutes.)

h. To determine the circumference, first determine the radius
between the pivot and the outer wheel track. Since most machines have
uniform span lengths (except for perhaps the first span), the radius
can normally be determined by multipiying the span length by the number
of drive units. The circumference is 6.28 times the radius.

4. Determine the irrigated area by first estimating the radius
of the irrigated circle and

314 x (radius ft.)2
43560

Area = = acres

5. At the time the sprinklers reach the test area, set aside
2 containers with the anticipated catch to check the mangnitude of eva-
poration losses.

6. Check the presence of the sprinklers near the pivot and at the
outer end. Note the nozzle size of the largest sprinklers.

7. On water driven systems number cach drive unit beginning with
the one next to the pivot. Time how long it takes to fill the bucket (or
jug) of known volume with the discharge from the water motor in the outer
drive unit. The exact method for doing this depends on the water motor
set up and it may require a short section of hose.

An estimate of the sum of the flow rates from all of the drive

motors is

sum of drive unit numbers x flow from end unit
Number of drive units

Total drive flow =

8. If the system is equipped with a flow meter, measure the rate
of flow into the system. Most standard flow meters only indicate the
total volume of water which has passed. To determine the flow rate
read the meter at the beginning and end of a 10-rinute period and cal-
culate the rate per minute. To convert from cubic feet per second (or
acre-inches per hour) to gpm multiply by 453.

9. Fill in the blanks in Form II-3a, dealing with climatic conditionms,
machine and test specificatiors, topography and general system and crop

performance.
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FORM II-3a. CENTER PIVOT EVALUATION .DATA SHEET

Location F,¢c /o #2212 ,Observer i ,Date & Time 5/, -/ « '
Equipment make ¢ /¥ ,length /37 ft.,Diameter 6/ % _in.
type of drive s2tler » 1s drive water distributed? ¢-~:
Discharge from end drive motor ..o gal per .z7 min = PRy gpm
Total drive flow = SY® of drive unit numbers/¥ x/3.5fpm from end _ /¢r gpm
number of drive units 25
Speed of end drive unit Za ft. per /9 min = &Y. o ft./min.
End wheel truck radius ,2¢° ¢  ft.
Time per revolution = Speed s fr. /min. x 9.55 = 2/.4 hr.
. water pattern width /74 ft.
Application time at end = “epeed 7. ft./min. = s, min.
(wetted radius /%6 = ft.)2 x 3.14
Irrigated area = 43560 = /S L acres
smd near pivot ' 0 in. 9. Surface runoff conditions
at 3/4 point 0 in. at 3/4 point__=/ivht
at end 2.0 in. at end o e o
Crop and condition: corn, rjoz‘x/ cveent on yorl/ e;./?e,
N 7S * Mark position of lateral, elevation diff-
NG ”“{," ( gy erences, wet (or dry) spots and wind di-
7 730 rection on circle.
Fir el L AN Wind /2 mph, Temperature _ yo °
—’"”.,C(‘if he "0, 'f"s' Pressure at pivot z¢ _ psi
. Pressure at end nozzle 40 psi
. Diamecter of largest nozzle o/ - in.
L Comments: . /// 4 -4 o el L o
. i D U/r_-,-é ang gl s lE sprindfer s sesed owd 7 n e la T
System flow 17500 gal. per /o . min = e GPM
Average weighted catches: catch container factor LY ml/1in.
Sum of weighted volumes 257 7/ 72
System average = Sum of position numbers e - or L= “_Ar'ﬁ ir:l
Sum low 1/4 weight ‘d volumes SN 774
Low 1/4 = Sum position numbers low 1/4 S/ % B pye //‘:., i:l

Estimated gross in./rev. and minimum daily application:

Av. system catch 12¢ ml - 24 x low 174 C S in.
Min. daily = = :

Evaporation loss 4 ml 3/.< hrs., per revolution

Gross application ;30 ml ‘ = 7,34/ in./day

or 52 in.
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FORM II-3b CENTER PIVOT EVALUATION DATA SHEET -

1. Location \’;,/(_,;;_(,'4-{ 202 , Observer T , Date & Time ?{/f/zg /..
2. Span length 0 ft, container spacing 2. .4 ft. container _25¢0 ml/in.
3. Evaporation loss: Container #1 Container #2
Initial volume /S ml /5o ml
Final volume - /47 ml - (¢S ml
Loss 3 ml 5 ml av. &/ ml
4, '
Span Catch Container Span Catch Container
No. | Position | Volume | Weighted No. [Position | Volume °{ Weighted
“{ Number 1( ml T Volume Number T( ml ¥ Volume
| P
Start numbering at pivot endlof first 10 37 /2 “/ f‘-"j';‘;:
span although first few container /0 38 127 YELC
positions will be blanks /0 39 /15 YL
)0 40 17 SRS
5 - 4 41 )27 £icy
6 — // 42 122 S/
7 — /o 43 //8 EO7Y
8 - ’/ 44 /4 b322¢
9 41/ (269 || /2 45 112 LOYG
10 /60O /OO 12 46 124 S 764
11 /2 Z 1342 )2 47 ! Z6 L5752
12 /30 / Sbo /2 48 )</ 2077
13 )43 ) 257 /3 49 /20 5 gsc
14 /150 2/00 ’3 50 /22 i 1O
15 134 2210 13 51 /) S S el
16 123 ‘ | 9% /32 52 /) SR T Yl
17 )Y 29 /4 53 YARY b 72
18 /3% 29849 A4 54 7Y 7225
19 122 2805 /Y 55 7E) bzl
20 2007 q 140 14 56 yNV¥e) E7 G0
21 122 2 E5bl rs 57 L 20 ViR dZ)
22 /1Y 2 50¢ < 58 )] O (o 27C
23 J1 85 obYZ ) 59 107 b s/
24 ) 37 33/2 2oy 60 /17 Lol
25 ] Cq 2727 /e 61 @& </
26 113 2935¥ /¢ 62 17y IO
27 1Y 3077 L& 63 [ Y A
28 )7 3oy End 64 A4 S oYY
29 s 3= u./ 65 Far Sen LT
30 10/ 210 66
31 /)2 Zurz 67
32 1440 L) Y7 68
33 . > 70/ 69
34 10 3 &0 70
35 vy 27278 71
36 Py Yyl 7 72
SUMS of: Catch Position Numbers used So 4y
Weighted Volumes all containers 2 < 7/ 70%
Weighted Volumes low 1/4 7 Gy

Catch position numbers low 1/4 S/Z
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10. Estimate the width of the wetted pattern (perpendicular to the
lateral) and the duration of time water is received by the containers
near the end drive unit.

11. Measure the depth of water in all the containers as soon as
possible and observe if they are still upright noting abnormally low or
high catches. The best accuracy can be achieved by using a graduated
cylinder to obtain volumetric measurements. These can be converted to
depths if the area of the container opening is known. For quart oil
cans, 200 ml corresponds to 1.0 in. depth. Measure the catch of one
of the evaporation check containers about mid way during the catch read-

ing period and the other one at the end.

Utilization of field data

The volumes caught in the containers must be weighted, since the
catch points represent larger and larger areas as the distance from the
pivot increases. To yweight the catches according to the distance tc
the pivot, each catch value must be multiplied by a factor related to
the distance to the pivot. This weighting operation is simplified by
using the container layout procedure described earlier and Form II-3b.

The average weighted system catch is found by dividing the sum of
the weighted catches by the sum of the catch position numbers. Space
for this computation is provided on Form II-3a part 13 and Form II-3b
part 5.

For the average minimum weighted catch, an unknown number of con-
tainers which represents the low 1/4 of the irrigated area must be used.
Selecting the low 1/4 is accomplished by picking progressively large:-
catches and keeping a running total of the associated position numbers
until the sub-total approximates 1/4 of the sum of all the catch posi-
tion numbers. The average weighted low 1/4 of the catch is then found
by dividng the sum of the low 1/4 of the weighted catches by the sum of
the associated catch position numbers. Space for this computation is

provided on Form II-3a part 13 and Form II-3b part 5.

Distribution Uniformity, DU

In order to determine if the system is operating ac¢ an acceptable
and economical efficiency, the deep percolation losses and uniformity

should be evaluated by calculating the DU which is



11-47

_ average weighted low 1/4 catch
= : 100
average weighted system catch

which for the example problem is

112 ml

126 ml x 100 = 89%

DU =

This is a reasonable value and is independent of the speed of revolution.
If the DU is low it is useful to make a plot of the volume of catch

versus distance from the pivot as shown in Figure 1I-16. Such a plot

is useful for spotting the problem areas and locating improperly nozzled

or mal-functioning sprinklers. There are often high points near each water
driven wheel unit where the water is distributed as part of the pattern.

Ir the system is operating on an undulating or sloping field and is
not equippped with pressure or flow regulators, the DU will vary with the
lateral position. The DU will remain nearly constant if the elevation
differences in feet divided by 2.3 (to convert to an equivalent psi) do not
exceed 20% of the end sprinkler pressure. Thus for the example test the
DU would be little affected by line position since the end sprinkler pressure
was 60 psi and the maximum elevation differences were only 25 ft. (which

is equivalent to 11 psi).

Potential irrigation system Efficiency, PE

If the pivot point is equipped with an accurate flow measuring de-

vice, the PE can be determined by

_ minimum rate caught
= = x 100
average rate applied

The minimum rate caught is the average weighted low 1/4 catch expressed
as a depth per revolution. The average rate applied per revolution is
calculated from the hours per revolution, system flow in GPM and the
wetted area is acres by

Hrs. x GPM

453 x Acres in./rev .

Average rate applied =

From the data computed on Form II-3a in parts 5, 7, 12, and 13 the com~

putations are

31.4 x 1150

753 % 152 = 0.525 in./rev.

Average rate applied =
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and

86%

PE = ——5. x 100

The system flow rate and PE can be estimated without a flow meter at
the inlet. This is done by first estimating the gross application, in/
rev., as in Form 1I-3a part 14 and then estimating the distributed flow
in GPM by

453 acres x gross in./rev. _ GPM
Hrs./rev.

Distributed flow =

If there is drive motor water which is not distributed it must be added
to the distributed flow to obtain the estimated system flow.

The PE is then computed as before using the estimated syster flow.

The above computations of PE are only meaningful if there is little
or no runoff. As mentioned earlier, runoff and/or ponding is apt to
occur near the moving end of the system. If runoff is occuring (See
Figure I1I-17) increasing the system speed will reduce the depth per appli-
cation and often eliminate runoff, Other methods for reducing runoff
include the following:

1. Using an implement called a pitfer which scrpaes identations
in the furrows followed by small dikes every 2 or 3 ft.

2. Reducing the total depth of water applied per week by turning the
system off for a period after each revolution. (Automatic Atop in s£ot
devices are available for many systems.) This will allow the surface
soil to become drier between irrigations and thus have a higher infil-
tration capacity. Careful planning is required in order not to under
irrigated so much that crop yields are affected (See Chapter I, "Inten-
tional Under-Irrigation").

3. Decreasing nozzle sizes to decrease the sytem capacity and
application rate. The nozzles must all be chanped to maintain uniformitv

4. Increasing system pressure and reducing nozzle size (throughout
the system) to maintain the same system flow rate but improve drop size

breakup.
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T
T e
e

3~1§fmy”
Figure II-17. Runoff at the outer end of a center pivot.

Actual application storage Efficiency, AE

The depth of water applied per revolution is usually less than the
normal inaccuracy of measuring che smd. Therefore, it is impractical to
try to compute AE.

Checks of the smd in sevecral places, especially in the vacinity of
the outer end, are useful for spotting accumulated deep moisturce deficits.
Deficits can occur due to overall under irrigation, a low DU, or a low PE

due to runoff. Deficits due to runoff are most apt to occur at high spots

in the outer fifth of the circle.

Application rates

The maximum applicztion rate in the vacinity of the moving end is
normally quite high. [t can be estimated from the average depth applied
per revolution and the time water is being applied at the end (or oppor-
tunity time) by

90 x inches depth
minutes time

Max. Application rate :: = in./hr.
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which for Form II1-3a parts 6 and 13 is
Max. application rate = =~—--2"== = 1.2 in./hr.

Since the oppcrtunity time increases toward the pivot end, the

application rate decreases toward the center of the circle.,

Analysis and recommendations

A number of observations and some recommcncat ions can be made from
the additional data on Form 11-3 and the DU and PE computations.

The pressute ar the large end nozzle was too low for sood jet
breakup (1/2 in. at 60 psi). This resulted in large droplet.. which tended
to seal the soil surface and decrecase the infiltration capcity. tor gonod

breakup from regular nozzles the largest nozzles rfor uiven pressures

w

should be: for 55 psi up to 1/4 inch: for 65 psi up to 3/8 inchi Tor 7
psi up to 1/2 inchjand for 85 psi up to 3/4 inch. 'Wiat hreskin pins or or
type nozzles are used pressures can be reduced by 207,

The tome per gevefwt(on whieh was estimatod Lo be 31,4 hr. (See
Form T1-3a part 5) chould be chocked against the actual time required.
(Quite often the operator will be able to give a sood estimate ol the
actual time.) The uniformity of the turn speoed, which iS.OSStnLiHl to
efficient watering, can be evaluated by a comparisen of the computed and
actual time per revolution. Speed checks where the lateral is traveling
up and down steep slopes may also be useful.

Run-ott. Some runoff was observed near the outer end of the svstem
where the application rate reaches 1.2 in./hr. This reduces the PE of
86 Z by am unknwon amount. Further cevidence of the ranorf was et reed
in the outer wheel tracks which were erroded 2 1t deep in steep areas of
the tield.  Runofl water tends to travel down the furrows and collect
in the wheel tracks.  This coupled with the o feving actions of the whee
can resalts i sach exeessively deep errosion that the drive onits hian
center (the span structure scerapes the pround and the svspem s: ops L
Other evidences of ranott are the dry tooking corn crop alons the sorth
edpe of the ticld which is or a hill and the deep moisture deficit indi-
cated by the smd o 2.0 in. all around the outer odpe o the circle. (Sce
Form -4 parts 8, 9,0 10 and 11.)

Methods tor decreasing the runoft veroe described earlier. OF these

methods, reducing nozzle sizes (and fucreasing pressures) would probably

,_-.
]
bde
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produce the best results; however, increasing the machine speed to approxi-
mately one revolution every 24 hours aund stopping the system for about

8 hours after each revolution would be a simple solution. (The duration

of time between revolutions should always be a couple of hours more or

less than 24, 48, 72, ctc.) This is done so the lateral will continuously
change positions relative to the normal daily wind cycles.

Over-irrigation, With high frequencv irrization, the smd is

always near zero and it is difficult to measure over-irrigation. However,
for the operation evaluated, the estimated water required for corn in that
area was only about 0.25 in./day. Since the operator was rumming the
system almost continously and applying a minimum application o (.34 in./
day (see Form lI-3a part 14) he was obviously over irrigating. 11 i wonld
shut off the irrigation for 8 hours after everv 24 hours, as suggested

for reducing runoff, the minimum application would be (24/32) x G.34 = 0.25
in./day.

Improvements. The operational changes mentioned above will not only
improve the irrigation efficiency but also reduce the operating problems
associated with errosion in the wheel tracks. Under the current manage-
ment the lateral often gets out of line and shuts off in the c¢rroded
areas. The operation must then pull the system in line and fill in the
erroded tracks.

From Figure II-16 it is apparent that a sprinkler in the vacinity
of catch position number 20 is either stuck or has too large a nozzle.
Also the ragged pattern near the end indicates the part circle sprinklers
on the end are improperly designed and/or set with the wrong arc.  The
sprinklers in these two areas ~hould be checked and replaced or adjusted
as necded.

When there are no runoff problems and the system capeity is
not sufficient to mect the crop water requirements, slowing the system
will usually improve siclds. By slowing the system, deeper but less
Frequent drrigations are applicd.  This reduces direct evaporation losses

and improves crop water usc cfficiency.,

Summary
[ rd

The DU = 897 and calculated PE = 867 of the system are very pood.

the main system problems are associated with runoft and over-irrigation.
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Several suggestions for reducing runoff were given. These included:
reducing the system flow and increasing inlet pressures; changing the
speed of rotation; and periodically turning the system off to reduce

the total water applied.

Traveling Sprinklers

The most common type of traveler used in agriculture is a giant 500-gpm
sprinkler which has a wetted diameter of over 400 ft. and is mounted on
a moving vehicle. The vehicle is equipped with a water piston or tur-
bine powered winch which reels in a cable. The cable guides the unit
down a path as it tows a high-pressure flexible hose. The hose is
connected to the water supply pressure system. (See Figures II-5 and 18).
The most typical hose has a 4-inch diameter and is 660-foot long which

¢llows the unit to travel 1320 ft., between set-ups.
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Figure 1T-18, Tvpical traveler sprinkler layout.
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As the traveler moves along its path the sprinkler wets a strip of
land rather than a circular area as shown in Figure II-18. After the
unit reaches the end of a travel path it is moved and set up to cover
an adjacent strip of land. The amount of overlap betweén adjacent strips
depends on the distance between travel paths and the diameter wetted by
the sprinkler. Frequently a part circle sprinkler is used with the dry
part of the pattern positioned over the travel path so the unit can
travel on dry ground.

The procedures which follow are mainly designed to check the uniform-
ity and efficiency of irrigation across the travel paths. However, due to
the nature of the operation and the largeness of the sprinklers, the
quality of irrigation around the field boundaries will be quite low. 1t
is particularly difficult to obtain high quality irrigation at the ends
of the tow paths and on small fields this represents an appreciable area
(up to 200 feet on each end).

If the unit is powered by a water piston, the expelled water should
not be included in the uniformity but should be included in the efficiency
computations.

There are many parts of the procedures and evaluations of travelers
which are closely related to those used for the fixed grid and center
pivot sprinkler systems. A general knowledge of the evoluation techniques

presented for the fixed grid and center pivot systems will be assumed.

Evaluation

The following information is required:

1. Nozzle size and type for estimating the system flow rate.

2. Pressure at the nozzle.

3. Depth of water caught in catch containers.

4. Speed of travel when the unit is at the upper and lower end of
the tow path.

5. Spacing of the tow paths.

6. Water piston discharge (if piston powered).

7. Additional data as indicated on Form Ii-4.

An accurate estimate of the flow rate from the nozzle is necessary
for calculating the PE and AE of the system. A good way to obtain an
estimate of the flow is from a sprinkler performance chkart which should

be available from the manufacturer.
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Equipment needed

In addition to the equipment listed for the full evaluation of fixed
grid sprinklers is a hand level which is useful to check field elevations.
The pressure guage should read up to 150 psi. If the traveler is not

powered by a water piston, the bucket and hose are not needed.

Field procedure

1. Choose a test location about midway in the tow path the traveler
will be operating in. The location should be far enough ahead of the
sprinkler so no water is reaching the test area prior to completing the
catch container set up. It should also be far enough from the luwer end
of the path so the back (or trailing) edge of the sprinkler pattern passes
completely over it (before the sprinkler reaches the end).

A good location for the test area is along the mainline where an access
road is often provided. 1In tall growing crops such as corn, an access
road is the only practical location for the test.

2. Check the soil moisture dificiency, smd, at the following locations:
close to the tow path; one-fourth of the distance to the next tow path;
and mid-way between the tow path in use and the next one to be used.

3. Set out a row of catch containers across the tow path with a
spacing of 10 ft. (See Figure II-18). The containers which are adjacent
to (or in) the tow path should be set 5 ft. to either side of the center
of the path. The outer containers should be at the edges of the wetted
strip. (It is a good practice to provide a couple of extra containers
on both ends of the container row to allow for wind changes.)

4. Determine the travel speed of the unit as it passes over the
row of containers. The speed should also he checked at the upper and
lower ends of the tow path. s

Stake out a known length, say 10 ft.,and determine the time required
for a point on the vehicles to travel between the stakes. (An alternate
method is to determine the distance traveled in a given time, say 10
minutes.)

5. Measure the spacing between tow paths.

6. Set out two containers with the anticipated catch to check the
magnitude of evaporation losses. The first containers should be set out
when the wetted pattern first reaches the catch row and the second con-

tainers when the sprinkler (vehicle) reaches the row.
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7. Check the pressure at the sprinkler nozzle when it is about
directly over the catch row. Also note the sprinkler make, model, type
of nozzle (orifice ring or taper bore), and nozzle size. (It is a good
practice to also measure the nozzle size when the system is turned
off to check for errosion so the flow rate estimate can be adjusted

if necessary.)

3. Estimate the sprinkler discharge from the performance chart
(available from the distributer or manufacturer). A typical performance
chart will give the sprinkler discharge and diameter of coverage for
various nozzle sizes at different pressures,

9. In water-piston powered travelers, time how long it takes to
fill the bucket (or jug) of known volume with the discharge from the
piston.

10. Check the hose inlet pressure and the inlet pressure at the
traveler, if feasible.

11. Fill in the blanks in Form II-4 dealing with climatic conditions,
machine and test specifications, topography, and general system and crop
performance.

12. Measure the depth of water in all the containers as soon as
possible and observe if they are still upright noting abnormally low or
high catches. Then measure the catch in the two evaporation check con-
tainers,

Form II-4 is laid out to simplify the procedure of overlapping the
catches to simulate a complete irrigation between adjacent tow paths.

To use the form, number the containers from the tow path outward beginning
with 1,2,3, etc., to the right and to the left (looking upstream). Enter
the container numbers (and catch values) on Form II-4 as follows: for

the left side data start numbering with container 1 opposite the tow

path width of 10 ft. and number downward; and for the right side data
start the numbering with container 1 opposite the actual tow path width
(which for the example field evaluatioa is 330 ft.) and aumber upward.

Utilization of field data

Assum’ng the test is representative and the next run would give
identical results, the right hand side of the catch pattern may be
overlapped on the left side (See Figure II-18). Form II-4 is laid out
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to simplify this operation.
The overlapped data is an estimate of the profile of the depth of

irrigation water between adjacent tow paths. For the computations of

DU, PE, and AE which follow, it will be assumed that this depth profile
is representative of the distribution throughout the field. In other
words, the assumption is that the depth profile across the strip between
two paths is the same from the upper to the lower end of the strip. This
is obviously subject to question because of: discontinuities at the path
ends; changes in travel speeds; pressure variations due to elevations,

and wind changes.

Distribution Uniformity, DU

In order to determine if the system is operating at an acceptable

and economical efficiency, the deep percolation losses and uniformity

should be evaluated by calculating the DU which is

_ average low 1/4 catch
= 100
average system catch

which for the sample test (See Form II-4 part 11.)

322 ml

7255 m1 X 100 = 71%

DU =

or
_ 1.61 in, _ aag
DU = 727 in. ¥ 100 = 71%

This is a fair value for a traveler system and is generally independent
of the speed of travel.

It is useful to make a plot of the depth of catch versus distance
between tow paths as shown in Figure 1I-19. The plot is useful for spot-—
ting the problem areas. From Figure II-19 it is apparent that either
the tow paths are too far apart, which results in a low depth midway
between tow paths, or the angle of the part circle is set too narrow.
(The effect of decreasing the tow path spacing can be evaluated as des-
cri.ed in the full evaluation of grid sprinklers.) Widening the angle
would reduce the depth applied near the paths and increase the depth in

the middle.



1.

3.

Location

Crop

o/ T, Observer

FORM II-4.

TRAVELER SPRINKLER EVALUATION DATA SHEET
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4.

10.

11.

Type of drive Zces bsve.

Discharge from piston - gal/

— min, = — gpm

Machine inlet pressure /& psi
Hose inlet pressure /.2 7 psi

Traveler speed
a. at test side
20.0ft (/0 min, = /¢ ft. /min,

b. at upper end
2.5 ft./ 0 min. = .75 ft./min,

c. at lower end
f0.2ft /70 min., = /.0 ft./min,

Wind speed S - /0 mph

N 2o ol
d_r?‘_;’

10 i 2

Right 6“’ > 7"/-4[»(‘/ {//ff’«."f/

Left ,'.\___ atoat /&0

)

path length /2 X ¢ ft.

Note part circle operation and
wet (or dry) areas on.the above
sketch. Topography of path,

High + /¢ s Low — =~
smd near tow path =./ in.
at 1/4 - point 2.z in.
at mid-point Z.7 in.

Evaporation loss

Container {1 Container #2
Initial S¢coml S ml
Final 4+ 5¢ml < ¢2 ml
Loss O ml /¥ ml

Average 24 ml ./0 in.

Average catches

Totaly :vin/ 3% = : . ,in.
Low 1/4 catch

1z Ainf g = 4 () in.
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CONTAINER CATCH POSITION _FT_

Container catch profile from traveler sprinkler cvaluation test.,
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The travel speed check (See Form II-4 part 6) shows that the unit moves
faster toward the end of the travel run. The change in speed is caused

by the interaction of the buildup of cable on the winch reel and the
increased drag exerted by the hose as the unit moves from the upper to the
lower end of the tow path. Fortunately, these two factors tend to off-
set each other and in the example evaluation the unit was only traveling
2% faster at the lower end than in the test area (and 5% slower at the
upper end). These speed changes would lower the DU over the entire strip
by about one quarter of the total percent speed change, i.e., (2 + 5)/4

or about 2%.

Since the nozzle pressure is normally in the vacinity of 100 psi,
elevation differentials are usually not great enough to appreciably effect
DU. Only elevation differences along the tow paths are of concern since
values can be used to adjust hose inlet pressures. Assuming a 207% allow-
able pressure differential, the tow path elevation mav varv fram 40 ta 50 ft
without seriously affecting DU.

Changes in wind speed and/or direction can potentially greatly affect
DU. This is especially true if the wind direction is appreciably differ-
ent during the operation in adjacent tow paths. (Blows from the left
in Figure II-18 one day and from the right the next day.) However,
if the system is managed to operate approximately 24 hours in each tow
path, like the example test, wind problems will be minimized. The
traveler will be in about the same relative position along adiacent tow

.paths at a given time of day (when winds are most apt to be similar).

Potential irrigation system Efficiency, PE
The PE should be determined to evaluate how effectively the system

can utilize the water supply and what the losses may be. Then the total
amount of water recuired to irrigate the field can be estimated. The PE

is calculated from depths frather than rates as used earlier) by

. minimum depth caught
PE average depth applied x 100

The minimum depth caught is the average of the luw 1/4 catch. The
average depth applied is calculated from the sprinkler discharge in GPM
(plus the piston discharge in gpm 1f water piston driven), the tow path

spacing in feet, and the travel speed in feet per minute by
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1.605 x GPM

ft. x ft./min. = inches

Average depth applied =

From the data given and computed on Form II-4 in parts 2, 3 and 5

1.605 x 500

330 % 1.00 = 2,43 inches

Average depth applied =

and with the minimum depth of 1.61 inches

= 1.61 - €69
PE = 5.43 X 100 = 667

Actual application storage Efficiency, AE

The effectivenss of the use of the system can be estimated by how
much of the applied water is stored in the soil and available for consump-~
tion use. The AE is caluclated by

min. depth stored in the root zone
: x 100
average depth applied

AE =

It was determined that the soils hold about 1.75 in./ft. of available
moisture. The root zone depth of the corn was 4.0 feet at that time and
a 307 Management Allowed Deficiency, MAD, was considered ideal, This
gives a MAD of 2.1 in. From the field checks of the scil moisture
deficiency, smd. (See Form II-4 part 9) the smd near the tow path and
at the 1/4 point was 2.1 inches and 2.2 inches respectively while in the
middle of the strip smd was 3.7 inches.

The minimum depth of 1.6 inches applied occurred in the middle of
the strip where the smd is 3.7 inches (see Fisure 1I-19). Thus the system
did not apply a full irrigation and there is no water loss to deep per-

colation in the minimum application area; therefore,
AE = PE = 66%

1t appears that much of the area is receiving adequate irrigation since
the smd (and MAD) over much of the strip is less than or equal to the depth

of application. However, under-irrigation has created a cumulative deficit

in the middle area.

Application rate

The giant sprinklers which are normally used on travelers produce

a rather flat pattern of distribution. That is, if the traveler vehicle
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were standing still, the depth of application or application

rate over most of the area would be fairly uniform. An estimate

of the application rate can be obtained from the flow in GPM of the
sprinklers, the diamter of throw in feet and the angle of the wet
sector in degrees (for part circle sprinklers) by

50,000 x GPM

ft.Z x Degrees in./br.

Application Rate =

and for the sample evaluation (See Form II-4 parts 2, 3 and 7) which
wets 250 ft. to the left and 160 ft. to the right with the part circle
sprinklers set for a 15° dry sector which gives (360 - 15) = 345° wet is

50,000 x 500

(410)2 ” 345 = 0-43 in./hr.

Application Rate =

Analysis and recommendations

Many of the observations and some recommendations which can be made
from the additional data on Form II-4 and the DU and PE computations have
already been referred to here and/or in the other sprinkler evaluation
sections.,

The pressure of 100 psi at the nozzle is ideal for good breakup. The
losses in the drive turbine (10 psi) and the 4-inch by 660-foot flexible

hose (27 psi) are reasonable.

Infiltration did not appear to be a problem. The soils were able
to receive the light application at a rate of 0.43 in./hr. with no pro-
blem and the tow path remained relativelv dry.

Under—irrigatigg. After reviewing tli full value of the operation

1t was concluded that the amount of undc-ir-igation found was reasonahle.
There is considerable summer rain in the area which may fill in the cummula-
tive smd along the center of the strips; furthermore, the physical limit-
ations of the fiecld size and water supply made large increases in the
average depth of application impractical. Cnly improvements in DU and
Fossibly slightly higher flow rates would be practical.

Improvements. The only major improvement necessary would be to

increase the DU. However, it is not reasonable to reduce the tow path
spacing during the season and if it were reduced, the numbers of tow
paths and consequently the number of days between irrigaticns would need
to be increased.

Several practical possibilities exist: increase the rngle of the



IT1-63

dry area up to between 90° and 1200; try a taper bore nozzle; and/or
increase the nozzle size. These changes should be tried and tested
First change the angle, then try a taper bore nozzle, which will have
greater range, and then try the next larger ring nozzle.

Edge effects. The outside tow paths of the present system are

placed 150 ft. inside of the field boundaries. The field wss laid out
similar to Figure II-18. There were 8 tow paths across the 2610 ft.
(2640 ft. less a 30 ft. road right-of-way) width of the field.

The outside tow paths were 150 ft. from the edges. From the data
on Form II-4 part 3, this should give a reasonable application (1.7 in.)
on the down wind side but results in very light (0.4 in.) watering along
the up wind side.

The traveler was started at the ton edge of the field and stopped
on the lower edge. This results in considerable overthrow but does a
fair job of watering the ends of the field (See Figure II-18).

The full length of the 660-foot hose was needed as it is drug through
the 1320-foot lenpth of the tow paths.

Summary
The DU of 717 and the PE of 66% found in the evaluation are typical

of supplemental irrigation systems used on zorn. The main system problems
are associated with a poor DU in which the dryest part of the pattern
occurred in the mid portions of the strips between tow paths. Improve-
ments in DU may be possible by changing the dry angle of the sprinkler

or the sprinkler nozzle.






CHAPTER III

TRICKLE (OR DRIP) IRRICATION

Trickle irrigation is a system for supplying filtered water (and
fertilizer) directly on or into the soil. Spraying is eliminated and
water is allowed to dissipate under low pressuve 1n an exact predeter-
mined pavtern.  (See Figure T11-1.% The out lo: device which emits the
vater into the soil is known as a "trickler'". Tricilors dissipate the
pressure in the pipe distribution networks by means o1 & narrcw nozzle
or long flow path, therchy decreasing the water pressure Lo @ i ]ow dis-
charge of only a few gallons per hour. After leaving the trici v
water is distributed by its normal movement through the soll profile:
therefore, the area which can be watered f{rom cach trickier srurce
point 1s limited bv the constraints of the water's horizontal flow,

In trickle irrigation the objective is to provide cach plant with
a continous readily available supply of soil moisture which is suffi-
cient to meet transpiration demands. Trickle irrigatior offers unique
agronomical, agrotechnical, and economical advantages 1or the ¢tficient
use of water.  The main disadvantages of trickle irrigation sVstems are
sensitivity to clogging, salinity build up, and poor soil moisture

distribution.

Irrigation Depth and Interval

Since only part of the soil volume is wetted as in orchard sprinklers
the determination of the amount (depth or volume) of application per trickle
irrigation cyele and irrigation interval, are unique.

The Management allowed Deficiency, MAD . gt which irrigation should he
started depends on the soil, crop and water-vield-cconomic racror,  Since this
relationship is not quantitatively expressed, the MAD is usually taken
as 307 for drought =sensitive crops and up to 607 for non-sensitive crops,

The wenceontage oy wetted asea as compare 1 to the whole irrigated
arca, Pyodepends on trickler discharge, trickler spacing and the soil (vpe,

A "right or proper’ minimum value to P has not been established.
However, one can conclude that svstems with h igh I values: provide more
insurance in case of svstem Failures; should be ecasier to schedule:; and

bring more of the soil system into action for uutrient storage and supply,
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Evaluation
The data needed for an evaluation of a trickle system consists of

determining the:
1. Rate of discharge from and the pressure near a number of tricklers

throughout the system.

2 Duration and frequency of normal irrigation.

3, Soil moisture deficiency, smd, and Management Allowed Deficiency,

MAD, in wetted areas,
Trickle locations relative to trees (or plants).

Tree (or plant) spacing and size.

Percent of area wetted.

4

5

6

7. Pressure losses at the filters.

8 Changes in trickler discharge after cleaning.
9

Sequence of operation.

Equipment needed

The main equipment items needed for collecting the field data

l. Graduate cylinder with 250 ml capacity.

2. Funnel,

3. Pressure guage (0~50 psi) with "T" adapters for temporarily instal-
ling it at either end of the trickler lateral hoses.

4, Tape measure.

5 Stop watch.

6. Soil auger, probe, and shovel.

7

Forms for recording data.

Ficld procedure
Fill in the data blanks of Form III-1, as the field procedure is con-

ducted in the following stpes:

l. locate 4 trickler laterals along an operating manifold (See
Figure 111-2). Choose one near the inlet end, two evenly spaced in the
mid section and one near the far end.

2. Measure the inlet and downstream end pressure of each of the
laterals under normal operation. On the inlet end, this will require
discomnecting the lateral hose, installing the pressure guage and re-

connecting the hose Fefore taking a reading.



9.

10. |

11.
12.

13.

III-4
FORM IIi-1. TRICKLE EVALUATION DATA SHEET

Location Aappch 7 Observer_ S/ 4 , Date 4&19 [ 727/

Crop_&yZru » Spacing 2z 2 ft. x _22 ft., Tricklers/Tree __ +

Age , Comments: fooked oo /s’ year cLende. ,
dricklers )

Soll s/ /o » Comments:  no oroblesm wirlb  nlollration

Filter performance /5, , - Qccording o 2he pperator

Pressure at inlet_ 459 _, at outlet 535 psi

Trickler make s0o modelﬁ/:_/_:_/)/_n_;_, spacing__ - ft., rated at
2 _gph at 20  psi, Comments: o~ Frre fLepe

Hose diameter )z in., material gvc¢ , length_/.g'o_ff., spacing_=2 2 ft.

System layout and topography 8. Operational sequence and general
(use back of sheet if needed) comments ¢
N #7557 a. Number of blocks 7
Hitp— s b. Irrigation Intervel ¢ days
S I/ , c. Duration cf irrigation -
o hl/}e ,0!0{/0)/3‘“ ,  average [ hrs.
N A 5ub gﬂuv”” this irrigation ¢4 hrs.
b ° ___E?\\ 'f('d./L/ d. System flow — gpm
—t For'y e. Comments: pyopt be better
0 h———— ré 12 0 go ‘0 A '/0171461‘ rnlerva/
Discharge in __ /.0 min. (1.0 gph = 63 ml/min.)
Irickler N Lateral Location in this Manifold
Location _dinlet end 1/3 down 2/3 down far end
ml gpm ml gpm ml epm ml ! egph
19ilet A 732 {20 |70 | 2.59| /92 | 309 | /@€ | 3.70
end B lreo |2.5¢ | 788 | 2.97 | 190 | 223 aps | 3.20
Au .32 2.77 2.64 2.7¢
A\l /700 | 25917178 2.0 | /s | 2.73] /69 | 2.69
Yy 8 | 103 | 26e | /53 | 2.50) 170 | 2.90| 180 | 2.36
down Qv J.00 2. 80 2.7¢ 2.79
L A 1187 |a.97 | 7¢¢ | 23/ | 725 | 192 | ¢d | 2.29
“fy o B8 _lvze | 2728 | 152 2% 155 | 3.4 ) 175 | . 7%
dowd g, 2.98 2. 3% 2.23 2.59
A Lr7o | 270 | /90 | 302210 | 3.3/ |/57 | 2.27
Lar 8 |25 | 1,99 | 425 | 2uys| /66 | 2.2]/30 | 5.07
cnd |0y [ 2.3 258 299 2./
inlet psi 1/7',5 #5.0 . .. 45,5 T 280
end psi 0.0 45 5 /5.0 (7
Wetted area /S0 28 74/ 0 /75
£t2, % of X o 6
total area 3% 26 277 20 %
sad (next ). X
block)-in. X X

tricklers in block low 1/4  ,7./2gph/__g tricklers = /¥ gph
q.07 v 2.27

Average discharge of} lTotal blockg2¢¢ gph/ 22 tricklers = .62 gph
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—

R LATERAL HOSE
WITH TRICKLERS

MANIFOLD _

BLOCK T I N\ juig h > ]

\ 4
MAIN P“:'EUNE\IJ\ WELL , PUMP, J\CONTROL VALVES

FERTILIZER INJECTOR,
:AND MAIN FILTERS

Figure III-2. Typical trickle irrigation system layout,

3. Measure the discharge from 2 adjacent tricklers at 4 different
tree (or plant) locations on each of the 4 selected test laterals
(See Figure III-3).

Collect the flow for a full number of minutes, 1, 2, 3, etc., to
obtain a volume between 100 and 250 ml for each trickler tested. Convert
each reading to ml/min. before entering in the data Form III-1. (To
convert ml/min. to gallons per hour, gph, divide by 63.)

The above 3 steps will produce 8 pressure readings and 32 discharge
values at 16 different tree locations.

4. Check the percentage of the soil volume which is wetted at one
of the tree locations on each of the test laterals. (It is best to
pick a different relative tree location on each lateral.)

Use the probe, soil auger, or shovel whichever seems to work best
for estimating the areal extent of the wetted zone about 6 to 12 inches
below the surface around each tree. The percentage volume wetted is de-
termined by dividing the wetted area by the surface area between 4 trees.

5. If an irrigation interval of several days is being used, check
the smd in the wetted volume near a few representative trees in the next
block to be irrigated. This is difficult to do and will require averaging

samples taken from several positions around each tree.
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Figure III-3. Field measurement of trickler discharge.

6. Fill in the blanks on Form III-1 dealing with trickler and
filter specifications and operation, topography, general system perform-

ance and crop appearance.

Emmission Uniformity, U

In order to determine if the system is operating at an acceptable

and economical efficiency, the uniformity should be evaluated by calculating

the EU which is

- minimum rate of discharge per plant 100
average rate of discharge per plant

in which the average of the low quarter will be used as the minimum.
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Since there were 4 tricklers per tree in the citrus grove which was
evaluated, the discharges from the two (A and B) tricklers at each tree
can be averaged. The minimum rate of discharge (or low 1/4) is then the
average discharge of the lowest 4 of these (average) discharges per
tree or 2.27 gph for the sample evaluation. (See Form III-1 parts 9 and
13.) The average rate of discharge per tree was 2.62 gph which gives

2.27
2.62

EU x 100 = 87%

Utilization of field data

In trickle irrigation all the system flow is delivered to the crop.
There is essentially no opportunity for water loss except at the tree
(or plant locations), Therefore, the uniformity of the emmission from the
tricklers is of primary concern. The individual trickler locations (or
the tree locations when there are several tricklers close™ spaced) can be
thought of in much the same manner as the container positions in sprinkler
tests.

Another item of principal importance is the percentage of the

total potential root volume thut receives water.,

Application storage Efficiency, Ea

As with orchard sprinklers, which also only wet part of the soil
surface (See Orchard Irrigation), the Ea gives a measure of the overall
operational efficiency of the systems (providing adequate irrigations
are applied). The AE used in all the other evaluation procedures can not
be used for trickler and orchard sprinkler systems which only wet part of
the area since the minimum depth would be zero.

_ average depth stored 100
1 average depth applied *

In computing the average depth stored it is assumed that all of the
water discharged from the tricklers up to the smd is stored. Water in
excess of smd is lost to deep percolation.

It is always difficult to estimate the smd in the wetted portion
of the root zone under trickle irrigation even when the irrigation inter-
val is several days. For the sample evaluation where irrigations are

applied every day, it is practically impossible to estimate the smd.
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However, with good management and full irrigations to replenish all

the water consumed by the plants, the deep percolation losses will range
in the vacinity of 10%. Thus, the Ea under full irrigation can be
estimated by

E =0.9 x EU
a

which for the sample test is:
Ea = 0.9 x 87% 2 78%

The average depth applied per thee to the wetted area is computed
from the average gph per trickler, the number, N, of tricklers per tree,
the area wetted per tree in ft.2 and the hours of operation
1.6 x N x gph x hrs.

ft.4
which for the sample evaluation (See Form III-1 parts 8, 11, and 13) is

= inches

Av. depth applied to wet area =

Av. depth applied to wet area = 1.6 x 41202'62 x6 . 0.72 in.

The average depth applied to the total area is useful for managing
the irrigation schedule. This overall average depth applied can be found
by substituting the tree spacing for the wetted area in the previous
formula. For the sample evaluation with a tree spacing of 22 ft. by
22 ft.

_ 1.6 x 4 x 2.62 x 6 -
Av. depth applied = 72 % 92 0.21 in.

Analysis and recommendations

A number of observations and some recommendations can be made from
the additional data on Form III-1 and the EU and Ea computations.

The pressute differences throughout the operating block studied
were very small (See Form TIT-1, part 10).  wieh orifice type tricklers,
pressure variations as preat as 20% would still give good results. With
the long tube type tricklers, pressure differentials should be held t»>
about 10%.

The unifonmity of application as expressed by the EU of 87% was
fairly high. Since the pressures were very uniform it appears that most

of the lack of uniformity resulted from variations in the tricklers. This
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can also be seen by studying the table on Form III~1 part 9. The A and
B trickler discharges at the same location (which would have almost
identical pressures) were often quite different.

The thicklens used were of the automatic flushing orifice type.

The variations in discharge discussed abcve were probably due to manu-
facturing tolerance difficulties,

It is interesting to note that the tricklers were operating at
Pressures in the vacinity of 45 psi and the average discharge was 2.62
gph (See Table III-1 parts 5, 10, and 12). This is considerably
off of the rated 3.0 gph at 30 psi and indication that the orifices may
be slowly closing (or clogging).

Variable clogging can cause large differences in flow from non-
flushing tricklers even though manufacturing toleranr.es may be very close.

Some tricklers can be manually flushed. On systems with this type
of trickler, a check should be made to determine the change in flow
before and after flashing.

The §iLter seemed to be performing reasonably well. It was not
excessively clogged at the time of the study since the pressure loss
across it was only 5 psi (See Form I1I-1, part 4),

The eLevation differences throughout the system were not extreme
(See Form III-1 part 8) so the other operating blocks should produce
similar uniformities. With an up-hill elevation difference of more than
10% of the average pressure head beyond a control valve, it is difficult
to achieve a high EU. Obviously it is important that each control valve
be accurately adjusted to achieve uniform pressures throughout the entire
orchard.

The percentage wetted soil root volume (or area) was on the low
side. It was only 30% which is below the recommended minimum discussed
in the introduction (See Form III-3 part 11i).

Improvements. A major area for improvement would be to increase

the percent of wetted area. This could be done by increasing the irri-
gation interval to 2 days or by adding one or two extra tricklers at
each tree and decreasing the operating pressure.

Going to a 12-hour irrigation every 2 days instead of the present
6 hours per day is an interesting possibility, since deeper applications

wet more soil volume. Also there seemed to be no infiltration problems
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and the average depth applied to the wet areas of 0.72 in. could
easily be doubled without exceeding the smd at a MAD of 30%.

It appears that the trickler discharges are gradually decreasing
and the system is designed for a greater flow than was observed. Thus
adding extra tricklers could restore the system capacity back to the
original ( 4 x 3 gph) = 12 gph per tree at an average operating
pressure of 30 psi.

The only way to improve the EU would be to replace the tricklers
which would be very expensive and not warranted at this time.

The avenage depth applied of only 0.21 in. per daily cycle seems
to be in the marginal side for a mature orchard in the test area. This
would be increased to 0.24 in. if the total discharge per tree were

restored to the original design of 12 gph per tree.

Summary
The EU of 87% and estimated Ea of 787 of the system are good. The

main system problems are associated with a marginal amount of soil wetted
(only 30%) and low system flows. It was recommended to the operator that

he try scheduling the irrigation to apply water for 12-hour periods,

every two days instead of the current 6 hrs. per day. It was also suggested
that the tricklers be replaced or an extra trickler be added at each

tree to restore flow rates back to the design value {and also increase

the percent of wetted area.)



CHAPTER IV
FURROW IRRIGATION

Simple Furrow Evaluation

Simple techniques are often useful to provide information for identi-
fication and correction of operational problems. Most of the data can be
obtained from questioning the irrigator or making simple observations and

measurements.

Evaluation

For both simple and full evaluations, the following basic criteria of
good irrigation should be comsidered:

1. Is it dry enough to irrigate? Withholding water too long will
detrimentally stress the crop. Irrigating too soon often contributes ex-
cess water to a high water table, thus encouraging pests, diseases and
increasing labor.

2. 1Is it wet enough to stop? In other words, has an adequate but
not excessive depth of water been infiltered? And has the moisture spread
laterally enough?

3. Has water been uniformly distributed along the furrow? Good
uniformity is usually achieved if the stream reaches the lovwer end, with-
out erosion, in about 1/4 to 1/3 of the time of irrigation.

4. Is there much runoff? A little water either ponded or running off
at the lower end is essential for practical operation,.

5. 1Is the water supply and system capable of delivering water for
efficient and convenient water and labor use? Supplies should be large and
flexible in both rate and duration. Streams should be large enough to ad-

vance quickly and shut off when not needed.

Equipment peeded

Onlv a soil probe and a soil auger are needed for the simple eval-

uation.

Procedure
The following illustration will utilize the simnle part of the data as

obtained for the full evaluation studv of an actual irrigated corn field.
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Soil moistune deficiency should always be the first concern, "Is it
dry enough to irrigate?” The answer is too often based on guesswork or
rigid schedules which usually results in applying water too soon. For this
example study, in 660-foot long corn furrows spaced at 36 inches, a soil
moisture deficiency, smd, check was made. It indicated an irrigation was
needed and that the smd was about 3.6 in.

The above information was obtained using the Soil Moisture and Appear-
ance Relationship Chart A-1 in Appendix A. The soil auger was used in the
sandy loam soil to obtain soil samples at one foot increments to a depth of
4 feet, The top foot was estimated to be quite dry with a high smd -- 1.6
in./ft. out of 1.8 1in./ft. of total available moisture. The second, third
and fourth foot samples appeared to have smd values of 1.2, 0.6, and 0.2
in./ft., respectively. This gives a total smd of about 3.6 in.

The corn roots at that time had extended to only about 3.5 ft. and for
the cool climate and expanding root zone a MAD of 60% was acceptable. This
glves a MAD of 1.8 in./ft. x 3.5 ft. x 60% = 3.8 in. The farmer was apply-
ing water at about the proper time since the smd of 3.6 in. was about equal
to the MAD of 3.8 in.

Adequacy of iniigation is easily determined with fair accuracy in the
field during irrigation with the probe as described in Appendix G. It can
also be determined analytically, The adequacy of irrigation answers the
second important question, "Is it wet enough to stop irrigating?"

At the upper and lower ends of several furrows, the probe was used f:0
determine the depth of the wetting front. The probe penetrated easily where
the soil was nearly saturated, but resistance to penetration increased
drastically at the wetting front.

When the field work for this evaluation was completed in about two
hours, at the upper end of the furrows the probe penetrated almost 1.5 ft,
and little less than 1.0 ft., at the lower end. Also, pushing the probe into
the soil at an angle indicated the lateral spread had quite a ways to
go. To properly use the probe, the checks need to be made near the end of
the irrigation time to know when to stop irrigating. For this field, water
should have been run until probing at the lower end of the furrow showed
the wetting front had penetrated to about 2.5 ft. The excess top soil mois-
ture would then drain do&n by the next day to satisfy the small deeper de-
ficiency between 2.5 and 3.5 ft. All water applied after the penetration
1s sufficient for a full irrigation is lost! Therefore, probing is



IV-3

essential for deciding when to stop irrigating. No actual check was made
near the end of the irrigation time, which was 10 hours, but the irrigator
should and could have easily done so.

Using knowledge and figures from the full evaluation, it is believed
that the probe would not have penetrated deeply enough in 10 hours to
indicate an adequate irrigation, since computations show it would take
over 14 hours. It also probably would not have fully wet between rows.
Both the depth and lateral wetting must be checked at the end of irriga-
tion. For the learning process, a trench should be dug across the furrow
to see the vertical and horizontal wetting pattern. This should be done
about half way through and after irrigation.

Uniformity of application is important for efficient use of water. In
furrow irrigation on uniform soils, uniformity of infiltration is pretty
well assured by getting the water to the far end of the furrows quickly.
The desirable Advance Ratio, R, is expressed as a ratio between the time of
advance, Tadv' needed to reach the lower end of the furrow, and the time of
irrigation, Ti, needed to infilter the desired depth of water at any point,
If this ratio is about 1/4, good uniformity may be obtained. During this
test the irrigation stream advanced the full 660 ft. in about 1 hour leaving
$ more hours for the water to run. The Advance Patio of 1/9 is lower than
necessary for reasonable uniformity, and 1/14 would be more extreme. For
example, using information from the full evaluation with Advance Ratios of
1/5, 1/4, 1/3 and 1/2, the corresponding Distribution Uniformities, DU, are:
0.94, 0.93, 0,91 and 0.87 for the tested soil and MAD. This shows that for
reasonable Advance Ratios less than 10% of the water goes too deep.

Runoff sireams two hours after beginning to irrigate appeared to be
about half the size of the inflow streams. The irrigator planned to run
it about eight hours more! The streams reached the ends of almost all
furrows in less than one hour. Therefore, runoff would continue for more
than nine hours. Since the intake rate decreases with time, the runoff
streams would continually be increasing until the inflow stream was shut
off,

Furrow stheam size can be estimated by dividing the system capacity
by the number of furrows being irrigated simultaneously. In this case, the
irrigator had a well which discharged 960 gpm and he usually sets 50 to 55
siphons; consequently, the streams were about 18 gpm. Since the streams
reached the end of the furrow more quickly than was desirable, they should

have been smaller.
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Utilization of field data

The observations and quick analysis do not provide enough information

to indicate the best modifications, but they provide a good start. The
depth of water applied to the field can be calculcated by

96.3 x gpm x hours
furrow spacing ft. x length ft.

Depth Applied =

In this case

96.3 x 18 gpm x 10 hrs. -
3 ft. x 660 ft. 8.7 in.

Depth Applied =

The depth applied was 8.7 in. but the smd was only 3.6 in. with the 10-
hour irrigation. Very little water, i1f any, went too deep, so there must
have been an excess of runoff. This checks with the observation that run-
off was about half of the inflow at the end of two hours. More than enough

water was applied, but probably not enough infiltered.

Analysis and recommendations

The analysis showed the following:

1. It was dry enough to irrigate, since the smd was 3.6 in. and the
MAD was 3.8 in.

2. Uniformity was far better than needed, since the stream reached
the end very quickly and the Advance Ratio was very low (1/9).

3. There was a great deal of runoff, since too large a stream was
used and it reached the end early in the irrigation.

4. The water supply was not flexible in rate, but adjustments could
have been made by starting more furrows with smaller streams. Furthermore,
additional furrows could be started with water saved by cut-back irrigation,
in which the inflow stream is reduced when runoff begins. However, this is
not convenient for labor, so it was not done.

To improve system efficiency, the following recommendations can be
made:

1. Make smd checks to determine or confirm frequency and to avoid cum-
ulative deficiencies in the lower part of the root zone. Even though the
frequency of irrigation was about correct as the farmer was doing it, a cum-
ulative smd might occur.

2. Check depth of infiltration and spread using a probe.
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3. Use a smaller stream which would take about three hours to reach
the end of the furrow and permit running more furrows., Or since the
streams were not erosive, a lcnger furrow could be used with the same
stream size., Either of these saves labor and still provides excellent un-
iformity as long as the Advance Ratio, R, is held below 1/3.

The stream would have to be run for a longer application time to as-
sure adequate infiltration, as the plants grow larger, or if the practice of
intentional under-irrigation is used. The correct duration could easily be
checked with the probe. If the longer duration is not practical from a
labor viewpoint, some other changes could be made. For example: the furrow
shape could eaily be made wider; MAD or the row spacing could be reduced to
shorten the time of irrigation; or an automatic pump shut-off could be in-
stalled. The reduction of MAD would require more frequent irrigations, pos-

sibly neediig one more during the season, therefore, involving more labor.
4. Runoff could be reduced by the following: install a tailwater

re-use system; cut-back the furrow streams about an hour after the flow
had reached the end; use a smaller initial stream; or use longer furrows,

A return flow pump system putting water back into a reservoir is
sometimes a very practical and economical way to save water and labor.
Just pumping the water back into the supply ditch is not good practice.
It requires starting more and more furrows with each having different
shut-off times, which is awkward for labor if good efficiency is desired.

The cut-back stream procedure would not be convenient with the setup
the farmer was using. His ditch checks were solid earth embankments with
a plastic cover for erosion control. These solid embankments could not
be easily lowered to reduce head thereby changing all the siphon flows
simultaneously. Converting to adjustable checks would simplify cut-back
irrigation. Other ways to make cut-back streams are using two smaller
siphons to start the initial streams and removing one to reduce flow or
raising the end of each single large siphon. However, with a supply ditch
recelving a constant inflow, the cutting back of the streams flowing into
the furrows by any method leaves more water in the ditch. This water must
be used to progressively start more furrows which increases labor and
requires different shut off times.

Aside from building a new distribution system, the most practical
way to reduce runoff waste is to use longer furrows or smaller streams

which reach the end in about 1/3 or even 1/2 the irrigation time. These
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would have very little runoff although the application time would be
appreciably longer. More water would penetrate too deep at the upper end
resulting in a lower Distribution Uniformity, DU, but more efficient labor
and water use would be obtained. A full evaluation study would make it
possible to anticipate the effect of various changes.

5. The irrigator should be the person making the simple evaluatioms,
since some of the checks need to be made at the end of irrigation., A full
evaluation would provide answers to the following questions giving a de-
tailed basis for making economic studies for improvement. How much water
is wasted? What is the Distribution Uniformity, the Actual application storage
Efficiency, and the Potential irrigation system Efficiency? What would be
the cost and saving from building a reservoir and new system pumping the
well steadily at a lower rate? How long should the furrows be? What is
the best stream size? Would a change in furrow shape or spacing be help-

ful? Would a return flow system be desirable?

Summarz

The soil moisture deficiency and the frequency were about right, but
the correctness should be verified by an smd check. The Distributioun
Uniformity was too high, so smaller furrow streams could be used. Runoff
was very large, wasting over half of the water applied and could best be
reduced by using a smaller furrow stream in more furrows or the same stream
in longer furrows. The flow from the well was at a usable rate, but a

larger flow would reduce labor costs.
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Full Furrow Evaluation

Detailed evaluations provide information for identifying existing
problems, making many possible changes to correct them, making economic
comparisons of procedures and methods, and furnishing background for de-

sign of systems under similar conditions.

Evaluation

The technique of evaluation consists of determiring, in the field at
a typical location and with the proper moisture condition, the following:

1. the flow rate of several different stream sizes ranging from too large
to too small, 2. the rate at which the various streams advance, 3. the
maximum stream size as limited by erosion or furrow capacity, 4. the intake
rate of the furrow, 5. furrow condition - new, re-used, firm, loose, etc.,
6. the soil moisture deficiency, 7. the maximum furrow spacing which will
allow adequate wetting of the soil between the furrows within the time of
irrigation, and 8. the adequacy of the irrigation as to depth and lateral
spread.

Additional data may be gathered such as: 1. furrow shape, wetted
width, and depth, 2. furrow gradient, 3. water recession, 4. rate of run-
off from each stream, 5. rate of inflow and outflow for cut-back streams,
6. rate of advance with a cut-back stream, 7. soil texture and profile,

8. maximum water delivery capacity, 9. tests of furrows of various shapes,
and 10. cylinder infiltrometer test.

After the field data is obtained and plotted, a study will permit the
determination of: 1. Distribution Uniformity, 2, Potential irrigation
system Efficiency, and 3. Actual application storage Efficiency of the
system as it is being used.

A more detailed study will point out the improvements that may be made,
some of which may or may not be economical. Such a study might include the
following: 1. changing stream size and rate of advance, 2. changing length
of run, 3. changing furrow spacing, 4. changing furrow shape, 5. changing
soil moisture deficiency, smd, at which irrigation is started, 6. using alternate
side irrigation, 7. wusing continuous furrows with supplemental inflow, 8.
installing a reservoir for flexible delivery, 9. adjusting factors to make
duration of irrigation match duration of water delivery for convenience of

labor where a reservoir is not practical, 10. installing a return flow or
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reregulating system to save runoff and labor, 11. revising delivery system
to give more flexible deliveries to save water and labor, and 12, ' using

furrows in conjunction with sprinklers.

Equipment needed

1. Surveying tape to locate stations.

2. Laths or stakes to mark stations and a hatchet to drive them.

3. Watch.

4., Flow measuring devices such as small Parshall flumes with 1 or 2
inch throat, orifice plates, spiles, siphons, V-weirs, calibrated contain-
ers, etc., and the necessary time or head measuring instrument. The devices
used should be capable of accurate flow measurements when used to determine
the furrow intake rate. (See Appendix C.)

5. Shovel.

6. Soil auger.

7. Soil probe.

8. Forms for recording data.

Additional equipment for more detailed work would include:

9. Surveying equipment to determine furrow gradient,

10. Cylinder infiltrometer equipment.
11. Soil moisture sampling equipment.

Field procedure

1. Choose a location in the field that is typical as to conditions.

The soil should be uniform throughout. A steady source of water should be
avallable from which streams desirably of a constant size can be turned into
the furrows. (See Appendix B for detailed description of stream control
methods.)

2. Select three or more furrows. They may be alternate furrows to
facilitate patroling the streams without walking on wet soil. If the furrows
are new with Joose soil over a plow pan or other conditions in which water
moves rapidly sideways, all furrows should te run to prevent abnormal lateral
flow.

J. Set stakes along the furrow, usually at 100-foot stations, but a
minimum of six. The zero station may be set a short distance from the inlet
end of the furrow to give flows a chance to stabilize before taking measure-
ments. Elevations may be surveyed or gradient otherwise determined, but

this is not essential for any specific evaluation.
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4. Prepare flow measuring devices at zero station of all test
furrows.,

5. Set flow measuring devices for furrow intake rate test. (See
Appendix C for details of such devices.) These should be set in the furrows
carrying moderate streams, avoiding small or erosive ones. It is desirable
to check intake at more than one location or furrow. The location is
usually at the upper end of the furrow to provide a longer test duration.
For rapid to moderate intake soils, the devices may be set 100 ft. apart
for inflow-outflow measurements. For slower intakes 200 ft. may be used,
or several furrows may be combined. Flow measuring devices may be set at
the terminal end of the furrows to measure runoff.

6. Determine the soil moisture deficiency and how closely it agrees
with the desired Management Allowed Deficiency, MAD. (See Appendix A.)

7. Set at least three, though preferably four, constant-flow streams
with different flow rates in each to bracket the possible range in size.

If flow rates do vary, the change should be noted. One stream should be
large enough to cause a little erosion unless limited ty furrow capacity,
and one should be so small as to barely reach the lower end. Desirably two
different intermediate gsizes should be run. The larger of these typically
has a flow rate Qgpm = 10/s, where S is the furrow slope in percent, but
judgement will have to be used. Where practical, a set of each of used and
new furrows should be tested, and in cultivated orchards furrows near the
trees and in the middles should both be tested since re-use, soil structure,
and moisture content have a large effect on stream size, intake rate, and
advance rate. (See Figure IV-1.) Furrows of other sizes and shapes may
also be observed to broaden the irrigator's choice for possible revision.

8. Record the stream size flowing in each furrow.

9. Record the time each stream reaches each station. These may be
plotted in the field when they are recorded.

10. Record the intake rate flow data following instructions on
Form IV-1. The test should run for the duration of the irrigation,
but may be less. For the slower intake soils, tests may be shortened to
three hours but not less than it would take a moderate stream to reach the
furrow end.

11. Observe the furrow for erosion or overtopping. Estimate the
maximum ucable stream size. In new furrows the loose soil will muddy the

water at first without it being considered erosion. Also, some erosion
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Figure IV-1. Effect of furrow condition, stream size, and soil moisture
on advance rate.

will often occur at the turn out but become stable after a short time.

12. Observe outflow at the end of the furrows. Under circumstances
requiring a detailed evaluation, the outflow should be measured at several
time intervals, otherwise it may be estimated as a percent of the inflow
stream and so noted. Cut-back streams are almost always desirable and prac-
tical where a properly designed system 1s used. One of the larger streams
should be cut-back after appreciable runoff is occuring and the runoff ob-
served or measured. Where furrows of excessive length can be tested there
will be no runoff, only continued advance which permits an alternate, sim-
ple evaluation process to be used as described in the chapter of Border
Irrigation,

13. If water is present in the furrow for appreciable time after it
1s turned off, (Time of Lag TL), a notation of this time should be made as
it represents extra time water may be infiltering. It is negligible in most
furrows.

1l4. Depth of water penetration and lateral spread should be checked
during irrigation by using a probe or soil tube to follow the wetting front.
Evidence of plow pans is readily observed with the probe. The depth and
width of penetration should be studied with an auger or soil tube a day

after irrigation at sr.eral places along the furrow., More detailed



Iv-12

information can be obtained by cutting a trench across the furrow for visual
observation of the pattern. This should be done at several locations in
the furrow having the small 8tream so that the pattern can be seen for

various du~ tions of irrigation. This will assure that the furrow spacing
is not too great to adequately wet the area.

Utilization of field data
The field information is best presented when plotted. The advance

curves, which show the time water arrives at each station, are usually
plotted on rectangular coordinates. The characteristics of each furrow
should also be noted on the graph. It is practical to extrapclate advance
curves beyond actual field length by plotting the data on full logarithmic
Paper on which they will have only a slight curvature. The recession curve,
which relates the time and station location when water ceases to be on the
surface, may be plotred, but it is usually assumed tc be a horizontal,
straight line unless field data indicates a significant deviation.

The intake rate curves showing the intake 1in gpm/100 ft. at any time
are plotted on 3-cycle full logarithmic paper. The line for each test is
plotted separately and the accuracy range noted. If they are similar, one
line representing the typical cendition may be added but used with the
knowledge it may be plus or minus the actua. value. \See Appendix D and
Figure 1V-2,)

Ielustration of the evaluation procedutte is presented from a test in
a corn field 1300 foot long but cut in haly by a supplemental supplv ditch.
The soil was a compact sandy loam and was estimated to have 1.8 in./ft,
available moisture. The furrows were spaced at 36 in., were clean and had
been used before. Alternate furrows were customarily irrigated at alter-
nate irrigations. The gradient was 0.2%. Water was run in the furrows for
10 hours for convenience of labor. One siphon was used per furrow, and the
flow was definitely non-erosive. Since a cut~back flow was not convenient,
appreciable runoff water was wasted in a ditch just above the middle irriga-~
tion ditch. For the evaluation, siphons were set in three furrows. Two of
them were partially plugged to reduce flow.

The soil moisture deficiency to a depth of 4 ft. was found in each
foot from the chart in Appendix A to be 1.6, 1.2, 0.6, 0.2 in., totaling 3.6 ip.
with a 3.5 ft. root zone at the time, but expanding as the Crop grew.
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Figure IV-2. Furrow intake curves.

Intake rate data was found by setting l-inch Parshall flumes at
station 0+00 and station 2+00 in the furrows with the largest and the
medium size streams. Flow rates into all three furrows were also measured
by timing the flow from the siphons into a gallon jug. Good correlation
with the Parshall flume was obtained for the medium stream, but because the
largest stream filled the jug too quickly, the correlation in this furrow
was poor.

As shown by the data on the Form IV-1, 200-foot sections of furrows

were used, so there are two entries in column 8, the first representing
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total water intake and the latter the intake in the desired units of gpm/100
ft. The depth measurements, in the Parshall flumes, were made in a poor
fashion with a ruler marked in sixteenths of an inch. These divisions are
too large, and as shown on the data sheet for the first furrow and column

8, the resulting gpm values varied by + 0.4 gpm/200 ft. or + 0.2 gpm/100 ft.
Finer divisions such as 0.01 in. or 0.001 ft. should be used. The bottom
line, accuracy range, is important because in plotting each point, it must
be appreciated that the + value is a limit on the range anywhere within
which the true value may occur. To clarify, such a range should be shown
at each point when plotting, and the line drawn within the range as illus-
trated for the 17.5 gpm line on Figure IV-2, To increase the accuracy of
measurements, a point gauge should be used to measure from a datum to the
water surface, and to the bottom of the flume to obtain a zero reading. It
may be improvised by fastening a wire to the end of a measuring scale.

The inflow values also show the problem of the low accuracy. It seems
very probable for this test that an average of the readings in column 5 would
be the correct one. However, average values should not be used if readings
are accurate and changes in flow rate actually occur.

Intake rate and depth were found using the data shown on Form IV-1
and plotted on Figure IV-2, following the procedure in Appendix D. The two
curves drawn for the two stream sizes are not averaged for this evaluation
since they seem to have a relationship that may correctly be representing
the slightly higher intake rate that should occur for a larger stream. The
cumulative intake curves were extrapolated past 1000 minutes on the three-
cycle logarithmic paper by setting back one log cycie.

When desired, the mathematical representation of the curves may be found
by the following process. The equation for the plotted intake curve, which
is usually a straight line on log-log paper, is of the form Igpm/IOO ft. =
KT" where I is the intake rate gpm/100 ft., K the intercept when time T is
one minute, and n is the slope v/h (vertical distance/horizontal distance)
of the line. This slope is negative so n has a minus sign. Converting from
gpm/100 ft. to inches per hour for specific furrow spacing,S$,in feet may be

closely approximated by dividing the equation by S.

I /100 ft.
I - _Bpm
in./hr.(S)  spacing in feet
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Integrating the rate equation results in the equation for cumulative

depth
(n+1)
D = K'T
(s)
where K' = 35?3%T7§ * K' 1s also the intercept of the cumulative curve at

T equals one minute. All equations may be written from inspection of the

plottings as shown on Figure IV-2.

0.28 0.28

Igpm/lOO ft. = 3.8T Iin./hr.(3'0 ft.) = 1.,27T

2o 1072
(3.0 gr,) = 0.029

Advance curves from data on Form IV~-2 were plotted on Figure IV-3. Two
of the curves were extrapolated to the full 1300 ft. This may be done by
any of three ways. A French curve may be used for lines without much curva-
ture such as the 17.5 gpm stream or for short extrapolations such as for the
4.0 gpm. Plotting may be done on log-log paper and extrapolated with a
French curve. This was done for the 9.2 gpm stream and transferred to the
rectangular coordinates. The third procedure involves finding the equation
of the curve and computing the extrapolations.

An equation of the form t, = a(ecx - 1) where t is minutes to reach
distance x feet, has been found to fit many advance curves. The constants
a and ¢ may be found by obtaining the slope of the curve at two points,
with due care for scale distortion, putting the slope values into the
differential equation of the form dt/dx = ac + ct for the two locations,

and solving the two equations simultaneously.

Analysis
A simple analysis of the evaluation will show: 1. the uniformity with

which water is distributed, Distribution Uniformity, DU, 2. what the poten-
tial of the system as it existé can be if used to its best advantage, Poten-
tial irrigation system Efficiency, PE, and 3. how well the irrigator is
actually using the system, Actual application storage Efficiency, AE, i.e.,
whether the stream size and length of furrow are about correct, and whether
the right amount of water is being applied.

Distribution Undiformity, DU, should be studied for several conditions,

but for illustration only the 17.5 gpm stream and 3.0 foot furrow spacing
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California State Polytechnic College - Agricultural Engineering Lepartment
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Figure IV-3, Furrow advance curves with extrapolations,

will be used here since this was close to what the irrigator was using.
The ratio of the min‘mum depth infiltered to the average depth infiltered
describes the uniform.ty of water intake without regard to the adequacy
of irrigation. By utilizing Figures IV-2 and IV-3, and the 10-hour appli-
cation, Ta, the followiny conditions were found: at the upper end the
opportunity time, To(u) = Tq = 10 hours = 600 min., therefore, the depth
infiltered at the upper erd, D(u)’ from Figure IV-2 was 2.9 in. At the
lower end the opportunity time, To(L)’ would be To(u)' minus the time to
To(L) = To(u) - Tad = 600 - 52 =
548 minutes. Therefore D(L) was 2.7 in. These relationships are shown

in Figure IV-4,

advance 650 ft. to the lower end, Tad' 80

minimum depth infiltered

100
average depth X

DU =

2.7

T (2.7 + 2.9)/2 100 = (2.7/2.8) 100 = 95%

DU

14«
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To(u)y = €00 MIN. é;a;j22§2;%;<;f;<>§/;§>,To(L): 548 MIN,
/ DEPTH INFILTERED
D (y) =290 IN. égéfizﬁ%§5;§4;// /<§§ DLy =2.70IN.

Figure IV-4. Relation of time and infiltered depth.

Potential. application sustem F{ficiency, PE, of the system is found
when the minimum depth of water infiltered just satisfies the soil moisture
deficiency. Since the irrigator was applying only about 2.7 in. when 3.6
in. was needed at that time, this efficiency must be found for the 3.6 1in.
condition.

From Figure IV-2, the Time of irrigation, Ti’ to apply 3.6 in. is 800

minutes (13.3 hours) and will equal T At the upper end the water will

have been on longer by the length of ziii it took the stream to reach the
lower end, Tad’ therefore To(u) = 800 + 52 = 852 min. The average depth of
water applied to the 650 ft., furrow with 3.0-foot spacing and a stream of
17.5 gpm (which 1is much greater than can be infiltered and therefore causes
a great deal of runoff) flowing for 852 minutes (14.2 hours) is found

by

Depth Applied = 96.3 x gpm x hours
area

96.3 x 17.5 gpm x 14.2 hrs,

3 ft. x 650 ft. = 12.3 in.

Depth Applied =

PE = (3.6/12.3)100 = 29%

Actual application stenage Efficiency, AE, describes how much of the
water applied is retained in the soil and available for consumptive use at
the point of minimum application. As this field was irrigated, the maxi-
mum depth infiltered, D(L), was 2.9 in. and did not satisfy the deficiency,
i.e., all the area was under-irrigated. However, there was heavy runoff.
The minimum depth infiltered (all retained in the soil) was 2.7 in. The
average depth applied in the 10.0 hours was



Iv-19

- 96.3 x17.5 gpm x 10.0 hrs. -
Depth Applied 3 ft. % 650 FC. 8.7 in.

AE = (2.7/8.7)100 =’ 31%

Conclusions drawn from these computations are several. DU of 97%
shows that very little more water infilters at the upper end relative to
the lower end indicating that a slower rate of advance with a smaller
stream would do a satisfactory job. The water reached the lower end in
about 1/12 the time it was running, while 1/5 to 1/4 may be considered
satisfactory, and an Advance Ratio 1/3 is often acceptable.

PE and AE were both very low, and since there was little or no loss
to deep penetration, there must have been a great deal of runoff. For the
system as used, runoff was 67% and if the longer time required for a full
irrigation of 3.6 in. were run, it would have been even greater.

From these conclusions obvious recommendations can be made: Use a
smaller stream to reach the end in about 1/4 of T;y i.e., 13.3 hours/4 =
3.3 hours, which interpolated on Figure IV-3 would be done by a stream of
about 6 gpm. Run water longer to satisfy Ti + Tad = 13.3 + 3.3, say 17
hours; and to further reduce runoff a cut-back stream or a return flow
System can be also used. In addition, it may be inferred that a much
longer furrow could be used with the 17.5 gpm stream, and that an even
larger stream could be used if desired and still not be erosive since Q =

10/s = 10/0.2 = 50. gpm which would permit an even longer furrow.

Further evaluation

By studying the cur es further, more specific recommendations can
be made relative to this system and its use. These recormendations can
then be considered by management for their convenience, practicability,
and economics. The following is illustrative of what may be done.

So il Mo.(sture Deficdiency at whick to irrigate, MAD, must be chosen.
For this soil, climate, and crop with expanding root zone, MAD may rea-
sonably be 60%. At the time of checking, the root zone was estimated to
be 3.5 ft. deep. MAD is then: 3.5 ft. (1.8 in./ft.) x 60%Z = 3,8 in. The
estimated deficiency was 3.6 in. so that the time to irrigate was that day
or the next one. Subsequent irrigations when the root zone had expanded
to 5 ft. would then be applied when the MAD was about 5.0 ft. x (1.8 in./

ft.) x 60%Z = 5.4 in, The operating procedures for these two and an
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earlier light application of about 2.5 in. resulting in a range for MAD
from 2.5 in. to 5.4 in. requires flexibility in frequency, rate, and dura-
tion and will result in different efficiencies, desirable lengths, and
durations. The system cannot easily be operated at the highest efficiency
for all conditions so compromising is inevitable.

Time of iwiigation, T,» for the current 3.8 in. soil moisture defi-
ciency is about 860 minutes. (See Figure IV-1,)

Time o4 advance, Tad’ using the one-fourth of T, as a "desirable" rela-
tionship which will result in a very high DU, becomes 860/4 = 215 minutes.
(Using an Advance Ratio as low as one-half of Ti (430 mir.) may be economi-
cal, though a lower PE will result.)

Fuwvrow Length to match this desirable Tad using the 17.5 gpm stream
is found on Figure IV-3 to be 1320 ft. which is insignificantly longer than
the 1300 ft. field. (For a smaller stream such as 9.2 gpm, the "desirable"
length would be about 900 ft. For a length of 650 ft., a "desirable"
stream would be about 6.0 gpm.)

Time of application, T , would be Ty + T,q = 860 + 215 = 1075 minutes
(18 hours).

Distribution Unifonmity, pu, = Dinimum depth infiltered ...

average depth infiltered *

T = 1075 minutes, therefore D = 4,5 in.
o(u) (u)

To(L) = Ti = 860 minutes, therefore D y = 3.8 in.

(L

3.8 0
DU ((3.8 n 4.5)/2) x 100 = 92%

(Note that shortening the length from the "desirable" 1300 ft. to
650 ft. only increased DU from 92% to 97%.)

Potential irnigation suystem Eff<ciency, PE, when the minimum depth
infiltered equals MAD, and the average depth applied on the 3 ft, x 1300

ft. furrow with no cut-back stream is

- 96.3 x 17.6 gpm x 18.0 hrs. -
Depth Applied 3 ft. x 1300 fc. 7.8 in,

then

3.8 9
PE:?TB_X.IOOEZ‘QA
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For ideal conditions of operation AE equals PE,

Watern Losses consist of runoff and deep percolation. The amount of
runoff equals the average depth applied on the actual field length, minus
the average depth infiltered. The deep percolation loss is the infiltered
depth minus the stored depth, These relationships are drawn to scale on
Figure IV-5,

NSNS S TN

: ;/ao/"/s/Tg;;t;// N\ 370" RUNOFF
1
00

N 0.30" DEEP PERCOLATION

INFILTERED
4.5

DEPTH

Figure IV-5, Distribution of inflow water to the furrows.

Runoff = 7.8 - (4.5 + 3.8)/2 % 3.7 in., or (3.7/7.8)100 = 47% of that
applied. This can be greatly reduced by making one or two cut-backs, or
using a smaller initial stream. It can be eliminated by a return flow
system which makes the water available for re-use. If the latter is done,
PE will equal DU at 92% or 94%,5CS, which is a very high and attainable
value within the limit that the furrow tested 1s typical.

Size of cut-back stream and whether only one or several cut-backs are
made, depends on the economics of labor and water costs. The secondary
effects of the results of runoff such as crop damage, mosquitoes, high
water table, etc., will also enter into the management decision on the num-
ber of cut-backs or whether a return flow system should be installed.

The size of the infiltered stream at any moment may be found by sum-
ming the gpm infiltering in each section at that particular time. The rate
of runoff is then the onflow stream minus the infiltered total. The length
of the sections chosen for the following procedure must be such that rates
at each end of the section do not vary greatly so that their average is rep-
resentative of the section. Sections other than 100 ft. must be '"weighted"
since the infiltration rate is in units of gpm/100 ft.

The following study in Table IV-1 shows approximately what the stream
should be cut~back to after 5 hours (300 minutes) which is about 1,5 hours
after water reaches the end and is running off. 200 ft. sections will be
used, except that the last one is 100 ft. Tad’ and Igpm/lOO £t is taken

from the intake rate curve,
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Table IV~1. Infiltered stream at Ta = 300 minutes.

— '—M
Station T T I /100 ft. I /100 ft. I /200 f«.
ad o gpm av av

0400 0 300 0.75 0.75 1.5

2

2400 12 288 0.76 0.77 1.5

4+00 26 274 0.78 0.79 1.6

6+00 49 251 0.80 0.81 1.6

8+00 77 223 0.82 0.84 C1.6
10+00 120 180 0.87 0.91 1.8
12+00 170 130 0.95 1.00 1.0/100
13+00 210 50 1.05

10.6

This shows that the stream should be cut back to 10.6 + gpm from 17.5
gpm after about five hours when the runoff would be 17.5 - 10.6 = 7.0 +
gpm. By a similar process done when the irrigation is completed after 18
hours, and using the whole furrow as one section since intake rate is very
uniform after this long time, it is found that the infiltration is about
7.2 gpm and runoff about 3.4 gpm at the end of the irrigation.

The average depth applied with the one cut-back would be

D = 96.3 (17.5 gpm x 5.0 hrs. + 10.6 gpm x 13.0 hrs.)

3 ft. x 1300 ft. = 5.4 in.

therefore, PE = (3.8/5.4) x 100 = 71%

If two cut-backs were made the efficiency could easily be raised to
better than 80% which is appreciably better than the 497 resulting from no

cut-back,

Additional variations
A medium size stream, such as the 9.2 gpm, can be studied. This stream

would have a slower intake rate so the second curve on Figure IV-2 would be
used which gives about 15% less infiltration. (This may well be an invalid
refinement since intake rates often vary much more between furrows due to

cultural operations causing different compaction of the so0il.)

When D = 3.8 in. and Length = 1300 ft.

(L)
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Ti = To(L) = 1000 min.

T =T, + T1 = Ta = 1000 + 700 = 1700 min. = 28.3 hrs.

o(u) i d
therefore, D(u) = 5.6 in,

3.8

= .8 + 5.6)/2 X 100 = 81%

DU

This is an 117 reduction from the 92% given by the larger stream and
shows the effect of the slower advgnce. The change of the Advance Ratio
from 25% to 70% of Ti is of less importance than reducing waste from running
water after the soil moisture deficiency has been satisfied and 100% of the
onflow is wasted. Both of these wastes, deep percolation and runoff, are
the responsibility of the irrigator and are not the fault of the system.

If the 9.2 gpm stream were run without any cut-back for 1700 minutes
(28.3 hours)

_96.3 x 9.2 gpm x 28.3 hrs.

3 ft. x 1300 ft. = 6.4 in.

D

PE = 3.8/6.4 = 60%

Note that PE for the 17.5 gpm stream was only 49% for the no cut-back
condition whereas it is 60% for the 9.2 gpm stream. One cut-back would in-
crease this to ahout 707% even though the furrow is 450 ft. longer than
"desirable."

A 24-houn application for convenience of operation would be obtained
by choosing a stream size of about 12 gpm that would take 440 minutes to
advance the 1300 ft. This plus the 1000 minute Ti would give the desired
duration of 1440 minutes (24 hours). This combination with no cut-back
would give acceptable distribution (DU = 87%) but inefficient irrigation
(PE = 54%). However, it is most convenient for labor and 24-hour duration
water deliveries.

With one cut-back at 10 hours, this alternate would have a reasonable
PE of about 67% and require very little labor. A return flow system would
increase this to 877 and require minimum labor and only a medium size re-
turn flow capacity. The 17.5 gpm stream would give a PE of 92%, utilize the
same labor, but require a larger irrigation and return flow system and cut
off at 17 hours instead of 24 hours. Management must decide whether the 5%

increase in PE is economical or not.
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Continuous furrows save water and labor. An alternate method would be
to replace the center ditch with gated pipe. In this practice water is
started more or less simultaneously at the upper end and at the intermedi-
ate line or lines. Runoff from the upper portion mingles with the streams
at the intermediate locations therebv utilizing the upper runoff. By
cutting-back or completely turning orf the water, at the intermediate line,
total runoff is reduced with a minimum of labor. With the portable gated
pipe, length of run in long fields may be varied as MAD of crop changes.

Fuviow spacing and shape are important management tools to make changes
in operations. Spacing is often related to crop row spacing, but there is
usually a limited variation that is reasonable. A change from 30 in. spacing,
for a 3.0 in. MAD.to a 36 in. spacing can be seen on Figure IV-2 to charnge
Ti from 480 minutes to 600 minutes. This change also will permit changes
in "desirable length."

If it is not practical to change spacing, the furrow could be widened
by about six inches, a larger stream used and almost no change in Ti would
occur,

The maximum spacing for a specific furrow shape is related: 1. to

the soil texture as it affects lateral capillary movement, and 2. to the
soll moisture deficiency as it affects how long water runs in the furrow,
A finer textured soil when dry, will move water laterally about as fast as
it moves it downward. The downward speed of the moving water decreases as
the wetting front meets deeper, moister soil so the intake rate decreases
with time.

In coarser textures, the lateral capillary flow does not move very far,
while the downward flow moves easily through the coarse soil by gravity.
Finer textured soils and larger MADs permit wider spacings.,

The general wetting patterns in dry solls as related to texture are as

follows:

coarse medium fine
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Furrow shapes can be generalized as follows:

vee parabolic broad

In the vee furrow, wetted width and depth will decrease as stream
flow decreases downslope. This will cause a moderate decrease in intake
rate along the furrow. Parabolic and broad furrows decrease in depth
with decrease in flow but have very little change in width, so intake
rate is quite constant for the furrow length., Parabolic and broad furrows
are capable of handling larger flows without erosion than is the vee shape,
and they can =asily be made different widths so they are more desirable
shapes.

Sprinklers may well be used in combination with furrows to take advan-
tage of the best features of each. Light applications are seldom practical
with furrows since short furrows requiring much labor are needed to make
them efficient. Sprinklers can easily, and with good efficiency, apply the
light applications needed for seed germination and where crop root zones
are shallow. Pre-irrigation in furrows can often be combined with the nor-

mally light germination irrigation to improve efficiency.

Summarz

Present system,

L = 650 ft. Q=17.5 gpm Ta = 10 hours
Soil moisture deficiency, smd = 3.6 in., and MAE = 3.8 1in.
D, (Depth applied) = 2.7 in. (under-irrigated)

DU = 977

PE(3.6 in.) = 29%
= 2 -
AE(2.7 in.) 327% with no cut-back

There was no erosion so a larger stream and 2 longer furrow could be
used. There was no cut-back so runoff was excessive.

Possible variations.

1. Longer furrow
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L = 1300 ft, Q=17.5 gpm smd = MAD = 3.8 in.
T1 = 860 min. Taq = 1/4 Ty = 215 min. ("desirable" advance)
T =T, +T . =86+ 215 = 1075 min. = 18.0 hr.
a i ad
DU = 947% (SCS)

PE(3.8 in.) = 29% with no cut-back

PE = 717 with one cut-back
PE = 88% with two cut-backs
PE = 92% for return flow system of large capacity and no cut-back

2, Longer furrow and smaller stream

L = 1300 ft. Q=9.2 gpm smd = MAD = 3.8 1in.
T, = 1000 min. Tad = 700 min, = 7/10 T, (slow advance)
Ta = 1700 min., = 28.3 hr.

DU = 81%

PE = 60% with no cut-back
PE = 70% with one cut-back

PE = 81% for small capacity return flow system and no cut-back

3. Longer furrow and medium stream to obtain 24-hour duration

L = 1300 ft, Q=12.0 gpm smd = MAD = 3,8 in,

Ti = 1000 min, Tad = 1440 - 1000 = 440 min. (moderate advance)
DU = S0% (SCS)

PE = 547 with no cut-back

PE = 67% with one cut-back

PE = 87% for medium capacity return flow system and no cut-back

Other alternates - the use of gated pipe to permit continuous furrows
and to allow length of runs to be varied as MAD varies; the use of sprinklers
for light applicatiocns in the early season, and for germination. (Many

other practical alternates were not considered.)

Conclusions

A final decision by management on what irrigation practices should
be followed for this field will depend on the following: the value of
water in terms of its cost, or in terms of its productiveness when the
supply is limited; cost and skill of labor; capital investment; secondary
problems of runoff water, ctc. Based on conservation irrigation alone
with a high PE value, the present system of 650-foot furrows, 17.5 gpm

stream, plus a return flow system putting the runoff back into a reservoir
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with or without a cut-back, would give an efficiency of about 97% even for
a 2.5 in. application. Using the 9.2 gpm stream, PE would be 93% or
greater. At other times during the season when different MAD values are
desired, other stream sizes and Advance Ratios would be desirable.

Actual irrigation practices measured by AE will invariably be some-
what lower since not all furrows react exactly the same due to variations
ia soils and cultural practices. In addition, the value of the soil mois-
ture deficiency determined by any practical method on a field basis is
approximate, the accuracy of measuring furrow streams car seldom be high
though the total depth applied is frecuently adequatc.. measured, and the
convenience of labor is frequently a dominant criterion.

The ability to turn off the water when the soil moisture deficiency is
satisfied is second in importance after elimination of runoff. However,
furrows provide the most freedom of any method since the intake rate at the
end of irrigation is the slowest rate. A 25% overrun of time may give less
than 5% waste of water to deep penetration.

When the furrow length is such that Tad is at "desirable" condition
o7 about 1/4 Ti (R = 1/4), DU will be about 95%. Reducing Tad has only mod-
evate effect on improving DU. A moderate increase of Tad is not greatly
detrimental.

The duration of irrigation, Ti' can be modified within reasonable
limits to match hours of water delivery or labor convenience by modifying
the stream size (affects Tad and L), MAD (affects Ti)’ and furrow spacing
and shape (affects Ti)'

Flexibility in frequency, rate and duration of supply flow are essen-
tial cto obtain high irrigation efficiency and to reduce labor requirements,
The stream size available In the field should be large enough to keep the
irrigator busy and to start initial streams in all furrows simultaneously.
ite compromises between capital costs and labor and water savings must be
studied. An evaluation of the irrigation system provides the basis for
such study which frequently indicates a reservoir to be an economical capi-

tal investment,






CHAPTER V
BORDER-STRIP IRRIGATION

Simple Border~-Strip Evaluation

A full evaluation provides information to guide management in
making improvements and in understanding management techniques. However,
to just determine whether a problem exists and its magnitude requires much
less work and equipment.

The same basic questions reiative to good irrigation operation and
applicable to all methods must be asked. "Is it dry enough to start
irrigating?" A soil moisture deficiency, smd, check glves the best answer,
although a reasonable answer can be obtained by knowing the evapo-trans-
Piration since the last irrigation. "Is it wet enough to stop irrigating?"
Tnis question can usually be answered by probing to check depth of in-
filtration at the end of irrigation. 1In additior, f. v border-strips, the
water must be near the lower end of the strip by the time an adecuate
depth has infiltered into the upper end. This extra point 1is required
with border-strips, If the system is being used efficienty the water
should be shut off at the upper end before the flow has reached the lower end.
In fact, satisyfing this final point which inter-relates stream size, soil
moisture deficiency, and strip length, is the most difficult management

problem with this method.

Evaluation

The short cut technique does not require measurements for the cumu-
lative intake nor measurement of the stream flow, no special equipment
other than auger, probe, and some stakes to mark distances down the strip
are needed.

The simple evaluation consists of:

1. Making a soil moisture deficiency check.

2. Observing how water spreads across the strip, that no exces-
sive high or low spots exist and that long time ponding at the lower end
is not occuring.

3. Placing the stakes at uniform intervals or stations, usually
100 feet, along the length of the border.

- 4. Observing and recording the time when water reaches each station



so the advance curve can be plotted. Data should also be collected
as the water progressively disappears, after the water is shut off,
so the recession curve can be plotted.

5. Noting the time and location of the water front when the inflow
is turned off.

6. Observing the magnitude of runoff. Duration of the runoff is
recorded by the inférmation obtained in step 4.

7. Checking ;ith the probe as the water recedes down the strip
to determine the adequacy and uniformity of infiltration. An additional
simple check on irrigation adequacy can be made by calculating the depth
cf application if the flow rate, irrigation duration, border length

and border width are known.

Analysis

The objective of evaluation is to determine how effectively the
land, water and labor are being used within the framework of other manage-
ment considerations.

The obvious problems can be demoustrated by utilizing the easily
obtained portion of the data and observations from the full evaluation
in the following section. For ease of discussion, the seven steps listed
under Simple Evaluation will be followed in the analysis of an irrigated
alfalfa assuming a MAD of 50% which is a very widely accepted condition
to good growth.

1. The soil moisture deficiency check showed the top soil was
quite moist, which is an indication that the MAD was still well above
50%. For a MAD of 50% the smd is : 50% x (6.0 ft. x 1.5 in./ft.) = 4.5 in.
The full root zone depth soil moisture deficiency check indicated there
was plenty of moisture all the way down and that the smd only amounted
to 2.9 inches. Although irrigation could have been delayed a few days;
applications were made to fit the harvesting operations. To accomplish
this, lighter irrigations on a shorter strip at more frequent intervals
than required for a MAD of 50% are needed.

2. Observing the water flow showed that the land grading wes good
since there were no dry spots or ponds.

3-5. The simply obtained time and distance relationships of the
point when water disappeared at each station along the strip are plotted

as shown in Figure V-1. The time at which the water was turned off
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(88 minutes) and where the water front was at that tim= (at 600 ft) are
alsc plotted. Comparing Figure V-1 which indicates the advance and reces-
sion curves converging with the combined curves shown in Appendix F.

it can be seen that the stream is too small. The water front at cut-

off was very close to the end of the upper half of the strip and there

was quite a bit of runoff into the lower half, therefore, the cutoff was
too late for this length of field. There is no indication from Figure V-1

as to the adequacy of irrigation.
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Figure V-1. Advance and recession curves used in simple evaluation of
border-strip.

6. The runoff stream was of fair size and as seen from the time inter-
val between the advance and recession curves at station 7 + 00, at the end
of the upper strip, it lasted for about 65 minutes. It is necessary that

water at the end either be ponded or running off for as long as needed to
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replace the soil moisture deficiency but 65 minutes seems too long since
the smd only equals 2.9 in.

7. The adequacy of the penetration at the lower end was not checked
with the probe or auger as it should have been. So, for this evaluation
it can only be surmised that an adequate depth had infiltered. An auger
check in an adjacent previously irrigated strip showed that it had at
least enough.

It is helpful but not essential to know the flow rate. For this
border strip the flow rate was the full flow of the well which was reported
to be 1.2 cfs. The borderswere spaced 24 feet but only 23 ft. were wet
and the length was 700 feet long which is 0.37 acre flow occurred for
88 minutes. Using the simple relationship, 1.0 cfs x 1.0 hr. = 1.0 acre-
inch, the depth applied to the strip can be computed by

88
1.2 c¢fs x 7 hrs. _
Depth Applied = 60 = 4.8 inches
0.37 ac,

Knowing the depth applied, the Actual application storage Efficiency

can be found

_ 2.9 in. = o
AE = 5.2 in. X 100 = 60%

Recommendatiouns

1. Delay irrigation a few days until the soil becomes drier, of if
the harvest of a green-crop requires an early irrigation, a lighter irri-
gation may be applied which probably would require a shorter strip for
good efficiency. (See Appendix F).

2. Use a larger stream to advance more quickly so that the advance
and recession curves plot nearly parallel indicating a uniform infiltra-
tion opportunity.

3. Cutoff the stream before the water front was so near the end

in order to reduce runoff, but not so soon as to under-irrigate the

lower end.



Summarz

The field was being irrigated sooner than necessary as far as the
smd was concerned. The grading of the field was satisfactory. The uni-
formity of the depth infiltered was not very good but it could be easily
improved by a larger stream. The cutoff was made too late which resulted in
excessive runoff which could be reduced by cutting off flow sooner. The
adequacy of irrigation was believed good from a check on an adjacent strip.
The AE of about 607 was low, but the larger stream to make application

more uniform, and cutting off sooner to reduce runoff would improve the

efficiency.

Full Border-Strip Evaluation

The border strip method of irrigation can be one of the most efficient
methods, however it involves more irrigation management skill than any
other method since several factors must be simultaneously coordinated or
compromised. A study of the procedures is essential to proper operation
and understanding of the complexities, such as the facts that strips should
have a specific length for a specific irrigation, that short strips may be
impractical, that water is normally turned off before it reaches the lower
end, that the upper end of the strip may be under-irrigated relative to the
lower end or middle in contrast to furrows which always over-irrigate the
upper end. A number of illustrative advance-recession curves are shown in
Appendix F to help in interpreting field conditions.

Border-strips are of two types based on the intensity of land pre-
paration. This is related to whether the soil profile is such that cuts and
fills can be tolerated, and to the economics of land preparation. Graded
border-strip irrigation involves preparing the ground to give uniform
slopes down the strip and be level, or nearly so, across the strip to
assure uniform water coverage. This must be done with full consideration
of variable soil intake rates to obtain uniform infiltration. The basic
objective in land grading is not to get a uniform grade, but is to obtain
uniform irrigation. Guided border-strips are constructed down the steepest
grade which permits them to be nearly level across naturally or with very
little grading. Grade and soil variations along such strips are tolerated
to reduce the amount of grading. The strips are frequently quite narrow to

assure the water spreading over the entire width.



Evaiuation

Both types are evaluated the same way. A typical location in the
field is chosen at a time when an irrigation should be done, and infor-
mation is obtained about 1. the flow rate and duration of the various size
streams turned into several border-strips, 2. the rate of advance of the
Streams down the strips, 3. the time of recession of the water from the
surface at each station, 4. the cumulative intake depth of water into the
soil with time, 5. the width of the wetted portion of strips, 6. the soil
moisture deficiency, 7. the adequacy of the irrigation a day or so later.

Additional information for more detailed study is desirable such as
1. profile and cross slope of the strips, 2. soil texture and profile,

3. depth of water at upper end and along the strip at different times,
4. rate and duration of runoff at lower end, and 5. the stage of growth
of the crop and its affect on retardance of flow.

When the field data has been plotted, a study of it will quickly
show the 1. Distribution Uniformity, 2. the Potential irrigation system
efficiency, 3. Actual application storage Efficiency, 4. duration of Irri-
gation, and 5. Correct stream size.

A more complete study will show how variations in stream size,
field length, soil moisture deficiency, smd,, and time of cut off can be
varied to Potential irrigation System Efficiency.

Equipment needed

1. Surveying tape to locate stations.

2. Lath or stakes to mark stations, and a hatchet to drive them .

3. Ordinary watch.

4. Flow measuring devices -ucl as Parshall flumes, large siphons,
weirs, flow meters, horizontal pipe jet, or others which may be improvised,
and time or head measuring device needed. (See Appendix C.)

5. Shovel.

6. Soil auger.

7 Soil prove.

8. Infiltrometer (usually 5 cylinders), buckets, and measuring guage.

9. Forms for recording data.

10. Surveying level and rod.

11. Soil moisture deficiency measuring equipment.



Field procedure
1. A location should be chosen such that the soil, slope, crop,

etc., are representative of the field. A steady source of water should
be availabie.

2. Select three strips which may be adjacent to each other, or pre-
ferably alternates to avoid walking on wet soil.

3. A minimum of six set stakes adjacent to a border, usually at
100-foot intervals and measure wetted strip width and border spacing.

4. Set a flow measuring device at the inlet of each strip. Another
one may also be set at the lower end to record runoff if it is likely to
occur,

5. Determine soil moisture deficiency and compare it with the
desired deficiency, MAD. (See Appendix A.) If it is appreciably differ-
ent, the evaluation will be noticeably affected as intake and advance rates
are affected by the moisture content of the soil.

6. Set four or more cylinder infiltrometers in a carefully chosen
typical location. (See Appendix E.)

7. Set a constant rate stream of the usual size and also a larger
and a smaller stream in the selected strips. Record their flow rates.
Check the rates for consistancy during the test. Record the time flow
was started and shut off, and any variations. Water is usually shut off
when the stream has advanced about 0.7 to 0.9 of the strip length for fine
and coarse textured soils respectively.

8. Record the time the stream reaches each station. If the moving
stream front is irregular, use an average front.

9. Measure, or observe and describe, the runoff rate at several times.
The beginning and end of runoff can be readily observed from the advance
and recession curves.

10. Record the time the water disappears at each station. This may
be difficult due to puddles and small channels, or sod in pastures. The
objective is to determine when the water no longer has an opportunity to
infiltrate most of the soil. Consistency in choosing the condition at
all statons is important. The recession curve resulting from this data is
the key control in the evaluation procedure. There will be an appreciable
lag i1 time, TL, at the upper end after the water is turned off before the

water recedes at this location.
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11. The adequcy of the irrigation should be checked a day or so
after irrigation using a soil auger or tube. During irrigation the pene-
tration of the water can be determined to depth of about three feet by
using a probe.

Additional information may be obtained for a more detailed study
and to assist in designing other systems, and may consist of:

12, Detailed soil texture and profile.

13. Elevations at the stations to determine gradient,

Utilization of field data
Graphical presentation facilitates the analysis of the field data.
The cumulative intake curve for each infiltrometer is plotted on

a sheet of 3-cycle full logarithmic paper. These usually are straight lines,
but may curve slightly, or may "dogleg." Curves for sands often steepen
after a few minutes due to the release of air trapped by the water covering
the surface. This permits water to enter more rapidly. Cylinder infii-
trometers which are not driven deeply enough may also show steepened
curves. Soils which have openings into which the water goes quickly often
yield curves which are steep for a few minutes, then flatten. Plow pans
will have a similar but delayed effect. The data from the cylinders should
not be averaged before plotting as the correct slope of the line will be
affected and the various soil conditions and range of intakes masked.

The zero and half-minute readings are not usually plotted on the log-log
Paper, but are valuable in checking unusual conditions. After all lines
are plotted and deviations considered and allowed for, a "typical; line

can be drawn for use in evaluation. Its position can be checked later

and adjusted as necessary in order to give the correct duration for irri-
gation.

The advance and necesdion curves for each test are plotted on coor-
dinate paper. A separate sheet is used for each strip. The strip identifi-
cation, width, stream size, soil moisture deficiency, soil texture, crop,
retardance description, slope and any other pertinent information that may
have been obtained, should be noted on each sheet. It is preferable to
plot the data as it is recorded. Watch time instead of accumulative time

may be used. These curves are plotted on Figure V-3 from data on Form V-2.
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California State Polytechnic College - Agricultural Engineering Department - August 1968



FORM V-2, WATER ADVANCE and/or RECESSION DATA SHEET

Location _&. AManas, Sanrta 7):rra Date 7//a/>/ Soil Texture _5/  Moisture Deficlency-22 %%/ Crop ) L4l
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Note - For border-strip recession data, first time entry should be made when water started, second entry at time water
turned off, third entry when recession starts, and all these entries should be at station 0 + 00.

California State Polytechnic College - Agricultural Enginecering Department

0T-A



V-11

Analysis

The following example illustrates an analysis to determine the uni-
formity of the irrigation, the potential efficiency of the system, and
how to improve its use. Only one strip was used because water came from
a well and was invariable in rate and small in size.

The strip tested was in the upper half of a 1400-foot long field with
a supplemental pipe line at 700 ft. Water running beyond the midpoint would
normally be considered runoff unless the supplemental line and upper line
were utilized simultaneously to irrigate the 1400-foot length as a contin-
uous strip. (In fields where the strip terminates at the end of the field,
the advance and recession curves may be extrapolated to their intersection
to graphically portray the runoff. This extrapolation can be simulated for
a strip by cutting off the flow sooner. For this test the actual curves
are plotted beyond station 7+00.)

Cuwmibatcve (ntake curves plotted on Figure V-2 from data on Form

V-1, show the infiltration from the four cylinders. One resulted in a
straight line, two "dogleg" appreciably, and another only slightly. Antici-
pating the effect of a rapid initial intake, but using the slope of the
consistent portion of the lines, a straight line, presumed to be "typical"
of all, was drawn and labeled. As described below, ar. "adjusted" line was
later drawn and used for the evaluation Process since it averages the
intake rate of theshown field and therefore is more representative than the
cylinders data. Note that averaging the data to plot only one line would
be misleading and it would not indicate the range of conditions that actually

exist,

Adjusted Cumulative lntake is developed as shown on Figure V-3 and
Figure V-4. At each station on the total strip (actual and extrapolated
portions) the time water was on the grOnnd,Tb, was noted. This was done
by measuring the time interval between the advance and recession curves.
The corresponding depth infiltrated was taken from the Cumulative Intake
Curve (typical) and note on Figure V-4 for the same station. The average
depth tor cach 100 1. was determined and sinee the end position ot the
Fleld was Tess than 100 (0, s average depthv was determlned proport tonal 1y
to its length. The average depth infiltrated for the entire strip (extra-

pelated) was then found to be d = 25.0/8.5 = 3,0 4n,
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Figure V-3. Advance, recession and irrigation curves for border-strip
irrigation evaluation.
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Figure V-4, Typical and adjusted depth of infiltration,
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Depth Infiltered from TYPICAL INTAKE. Figure V - 2,3

Sta. O+ 1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+ 10+

To 96 118 126 123 112 99 84 66 38 10
D 3.0 3.4 3.5 3.5 3.3 3.0 2.8 2.4 1.7 0.7
D/100' 3.2 3.5 3.5 3.4 3.2 2.9 2.6 2.1 1.2/2

Av. depth, D, on 850' 25.0'/8.5 = 3.0" (plotted on Figure V-2)
Depth Infiltered from ADJUSTED INTAKE. Figure V - 2,3

D 4.3 4.9 5.1 5.0 4.8 4.4 4.0 4.0 3.4 2.4 1.0
D/100' 4.6 5.0 5.0 4.9 4.6 4.2 3,7 2.9 1.7/2

To check the correctness of the location at which the "typical" curve
was drawn, the actual average depth of water applied was computed using the
relationship 1.0 c¢fs x 1.0 hr. = 1,0 ac-1in.

88

d = 1,20 cfs x ) hr./(

23 ft. x 850 ft,

13560 ac) = 3,9 in,

The adjusted line was drawn on Figure V-2 through a depth of 3.9 in.
at the time the typical average depth of 3.0 in. occurred, i.e., 96 minutes.

As a check, and since the values will be used later, the adjusted
depths at each station, the average depths between stations, and the aver-
age for the whole length (extrapolated) was found again using the adjusted
curve, d = 32.5 in./8.5 = 3.8 in. This is also shown graphically on
Figure V-4. This adequately checks the 3.9 in. computed onflow depth and
proves that the "adjusted" curve is reasonably correct.

Distrnibution Uniformity, DU, the ratio of the minimum depth infiltrated
to the average depth infiltrated, describes how uniformly the water is dis-
tribuced along the strip for the condition tested. A high ratio indicates
that the advance and recession curves are "parallel." Tt does not tell
whether the irrigation was adequate or not. For this ratio, which is con-
cerned only with the infiltrated water, runoff is not pertinent and there-
fore, only the actual field length is used. The infiltrated average for
the 700 ft. was found as before from Figure V-4, d = 29.2/7.00 = 4.2 in,

The minimum depth can be defined as the Absolute minimum 3.2 in.
occurring at station 7+00, or as the SCS minimum, which is the average depth
of the lowest one-quarter or 3.7 in. for the last 175 ft. in this test.
These are shown graphically on Figure V-4,
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Absolute DU =(3.2/4,2)x 100 = 76%
SCS DU =(3.7/4.2)x 100 = 89¢%

Potential innigation aystem Efficiency, PE, the percent ratio of
the minimum depth when 1t just equals the MAD or the soil moisture defi-
ciency to the average depth applied, describes how well the system can
operate using the tested condition. Referring to Figure V-4, the minimum
(Absolute) occurs at station 7+00 and is 3.7 in. The SCS minimum 1s 3.7 in.
The average depth of the total water applied on the 700-foot long field,
including the portion that runs off, is 32.5 in./7.00 = 4.6 in. So if

MAD were equal to the minimum, PE would be
Absolute PE =(3.2 in./4.6)x 100 = 70%
SCS PE =(3.7 in./4.6)x 100 = 80%

It is convenient for study of an evaluation to use the Absolute value
of minimum, but any comparison with another test or method must be done
using the SCS minimum to make valid comparisons,

Actual application stonage Efficiency, AE, the percent ratio of the
minimum depth of zone to the average depth applied, tells how well the
system is being used. To visually present the adequacy of irrigation, the
irrigation curve is plotted on the same plot as the advance-recession (Fig-
ure V-3). Also the depth of the soil moisture deficiency, assuming it will
equal the stored depth, may be plotted on Figure V-4. The irrigation curve
is plotted above the advance curve equal to the time needed to infilter an
adequate irrigation, Ti' If the irrigation line is below the recession,
water is on too long a time and over-irrigation is indicated. When it is
above the recession, the area is under-irrigated. On the depth curves, the
excess or deficiency is shown in depth rather than in time.

At the time of irrigation the soil was slightly moist as the owner made
it a practice to irrigate immediately after cutting the alfalfa for green-
chop feed without any knowledge of the soil moisture deficiency. The defi~
ciency was found by utilizing the soil moisture and appearance relationship
chart in Appendix A. Soil auger samples were taken representing each foot
increment of the sandy loam soil to a depth of five feet. The soil moisture
deficiencies were estimated to be 1.0, 0.8, 0.6, 0.4, and 0.1 in. for a

total of 2.9 in. This deficiency equals all cf the available storage so
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2.9 1in. can be used as the depth stored and plotted on Figure V-4. The
time to infiltrate the 2.9 in. is 60 minutes which is plotted as an irriga-

tion curve on Figure V-3,
AE = (2.9 1in./4.6) x 100 = 632

This is about 7% less than it would have been if he waited a couple of
days and the soil moisture deficiency became about 3.2 in. The AE would
have equalled PE, 70%. This illustrates the management controllable effect
of changing MAD to save water and also labor.

The conrect time of irrigation, T,» to meet the 2.9 in. deficient is
observed from the "Adjusted" curve of Figure V-2 to be 60 minutes. This
must be considered only as an approximate time since many variables exist.
For the 66 minutes water actually infiltrated at the lower end the corres-
ponding MAD is 3.2 in,

The best strneam s4ze, U, could not be found from this test since the
entire flow of the well was used and no larger stream could be applied. It
is obvious, from the fact that the recession and advance curves converge
(see Appendix F), that the stream size is too small and a larger stream
would advance more rapidly. This would tend to make the advance and re-
cession curves nearly parrallel representing a more uniform irrigation, per-
mitting earlier cut-off, and reducing over-irrigation on the upper portion
of the strip.

For the field evaluated, a larger stream could be obtained by util-
izing a reservoir, or at the time the field is re-planted, the width of the
strip could be reduced to increase the flow rate per foot of width,

Adequacy of iwigation was checked on the adjacent strip irrigated
similarly the previous day. The soil was at or above field capacity to a
depth of five feet. This confirmed the over-irrigation indicated by the

evaluation.

Summary of basic analysis

Utilizing only the informztion obtained and studied, the following was
determined: that irrigation was being applied too soon to match the capa-
bility of the system as it was being operated; that DU at 76% could be im-
proved by using a larger stream which would advance more rapidly; that PE
at 70% (SCS at 80%) could be improved by using a larger stream and larger
MAD; that AE could be made equal to PE at 70% simply by delaying irrigation

a couple of days, and that increasing the stream size would improve all
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conditions. It must be remembered that none of the values 1s exact, but
that all are very significant in indicating what should be done. Additional
analysis will tell in detail what procedure should be followed and its effect

so that an economic comparison can be made.

Additional analysis

In addition to the basic evaluation, more study and some additional
information will provide the basis for more detailed recommendations. Alter-
nates may be developed and economic comparisons made.

With the shape, but not the starting time, of the recession curve
relatively unchangable, the three fundamental aspects that management can
control and adjust to improve border-strip irrigation are: 1. stream size
which affects rate of advance and duration, 2. the soil moisture deficiency
at which the crop is irrigated, MAD, as it affects duration and frequency,
and 3. the distance to the point of cut-off and the length of the strip
which can be sometimes varied by use of portable pipe. Other factors such
as having uniform soil and land grading may be of great importance. They
are more difficult to change but may be considered on new fields.

Observation of the advance, recession and irrigation curves plotted on
Figure V-3, identified several problems: too small a stream, over-irrigation
for entire length, and an unnecessarily low MAD. An additional noticeable
condition is the abnormal hump, rather than the typical S curve, in the re-
cession curve at the beginning, and the change in slope of the advance curve
at about station 1400,

Advance and recession curves that are abnormal indicate changes from
uniform conditions in retardance, slope, or intake rate (See Appendix F).
The steep beginning 200-foot portion of the recession curves on Figure V-3,
indicating slow run-off, was not caused by increased retardance since the
crop was uniform, but could have been caused by a flatter grade or reduced
intake rate. The flatter beginning 100-foot portion of the advance curve,
indicating rapid advance, was not caused by reduced retardance, but could
have been caused by a steeper grade or reduced intake. The only influencing
factor common to both advance and recession was reduced intake. If sharper
scrutiny were not taken, this would be assigned as the rvason. However, by
observing that the reduced recession was effective on about two hundred feet
and increased advance affected only about one hundred feet, further explana-
tion was needed. The plot of the ground profile on Figure V-3 (using rod

readings as being easier than elevation) showed that the cause was really
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made up of two changes in grade, steep for about 100 ft., then flatter.
These grades are quite adequate to explain the shape of both curves. In-
take rate .robably was uniform. The recession curve probably would have
started flatter and been indicative of the true problem if an advance and
recession reading had been made at station 0+50. It may safely be surmised
that if the upper part of the field were brought back to grade the relative
steepness of the hump in the upper 100 foot portion of the recession curve
would be reduced by increasing the lag time, to give the normal § shaped
turve. Also, the advance curve would become a uniformly smooth curve.

Such curves could be estimated, assuming the grades were correctea, erficien—
cles computed, and an economic study made of regrading. The major effect
would be on time or lag, TL’ and probably would ve of littie economic value.
However, it does illustrate the diagnostic capabilities of studying the
curves,

Stream size was indicated to be too small by the convergence of the
advance with the recession curve. The fundamental control condition in
adjusting stream size is that the general shape of the recession curve does
not change appreciably in shape or slope except under rather extreme changes
in irrigation practices. The last of the water to disappear is doing so
at about the same intake rate and flow velocity each time unless large
changes in duration are made. The ground slope remains constant, though
the retardance may vary. As stream size changes, the time of lag may vary.
especially on flat gradients and slow intake soils. However, the general
shape of the recession curve is fixed as shown on Figure V-5 which 1llus-
trates three stream sizes from another test. A larger stream should also
have been run.

The recession curve for the large stream shows the typical S recession.
A dike at the lower end ponds the water. The dotted lines show the extra-
polated curves that might have occurred if there had been no dike and run-
off had happened. The recession for the medium stream and distance shows
the S shape but is flatter (faster recession) at the lower end due to less
water moving ahead from the shorter and shallower body of water ponded
upstream. The smallest stream, with the pronounced drop down, emphasizes
the extreme results of a much too small stream.

For the evaluation being studied, during which only one stream size
could be run, and it was too small, the question is how much larger it should

become. The evaluation procedure can provide an approximate answer.
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Figure V-35. Advance - recession curves for several streams.

Proper stneam 84ize use will create several conditions. These condi-
tions which should be met for an efficient irrigation are: beginning of
recession equals time of irrigation, i.e., at the upper end To = Ti = Ta +
TL; that at all points the irrigation curve be below the recession curve;
and also at the time of cut-off of flow, Ta’ that the stream is far enough
advanced down the strip that there is adequate water in storage to flow to
and irrigate the far end. It is rare in practice that all three conditions
can simultaneously be satisfied.

Figure V-6 shows the desired conditions for a MAD of 2.9 in.: the
recession curve starts at 60 minutes, Ti’ and is drawn in the shape found
from the field evaluation; at station 7+00 a print is located for the ad-
vance curve 60 minutes below the reccssion to ensure an adequate irrigation
there; an advance curve is plotted in shape similar to the tested shape but
flatter to represent a larger stream; a time of lag, TL’ is estimated to be
about 10 to 12 minutes since the stream will be larger than 1.2 cfs which
had a lag time of 8 minutes; time of cut-off, Ta’ is then 54 - 12 = 42 min~
utes; the distance down the field at this time is about 530 ft. This may
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be about correct since it is 270 ft. from the extrapolated end and the

original 1.2 cfs went 260 ft. after shut-off.

:1.6 CFS

0+00 1e 2e i 4¢ Se X 7e

Be
DISTANCE _STATIONS _

Figure V-6. Anticipated evaluation curves for increased discharge Q
and present MAD.

However, using these anticipated curves, the To and depth at each
station were used to compute the average depth on the entire extrapolated
curve as shown on Figure V-6, It was 29.0/8.0 = 3.6 in. Knowing the
wetted strip width, 23 ft., and extrapolated length, 800 ft., the area was
found to be 0.42 acres. The estimated stream size was found to be

- 3.6 in. x .42 ac.
Q (48/60) hr.

If, on trying the 1.9 cfs stream, cut-off at 48 minutes proved too

= 1.9 + cfs.

soon, the stream could be run longer slightly over-irrigating the upper end,
or a larger stream could be tried, or MAD increased. It must be remembered
that the numbers as developed cannot be considered as precise, but they are
very indicative of what can be done.

On the 23 ft. width the desired flow would be about 0.08 cfs per foot.
For the available stream of 1.2 cfs, the strips should be about 15 ft. wide
which might be impractical to farm. However, it could have a Potential
irrigation system Efficiency of about (2.9/4.1) x 100 = 71%. An engineering

cost comparison involving a reservoir, larger delivery capacity capable of
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irrigating several strips or wider ones, and water and labor saving, would
probably show such changes to be conomical.

To obtain high efficiencies, it is essential that flexibility in fre-
quency, rate, and duration of water delivery be possible to match field
conditions which are constantly varying as crops, MAD, intake rate, retard-
ance, and weather change.

Soil moistune deficiency, smd, at which irrigation should be done
varies with root zone depth of annual crops and is fairly constant for per-
renial ones. It can be varied within some limits to suit the convenience
of labor, crop growth, and irrigation efficiency. For the field evaluated,
the deficiency was about 2.9 in. to match a cutting condition of the crop.
For a six-foot root zone on this sandy loam soil having about 1,5 in. of
available moisture per foot, the percent MAD was (2.9 in./6.0 x 1.5 in.) x
100 = 32%, a very low value. For this soil, crop, and cool climate a MAD
of 60% would be reasonable, therefore a soil moisture deficiency of about
60% (6 ft. x 1.5 in.) = 5.4 in, could be used if practical for labor and har-
vest conditions.

This condition 1s shown of Figure V-7 for 5.4 in., Ti = 140 minutes,
and Q = 1.2 cfs (existing stream size.) The field-obtained advance and re-
cession curves were use unmodified. With the illustrated large increase in
soil moisture deficiency, the initial intake rate of the soil would actually
be faster and the advance rate would be slower (steeper), and time of lag
would be greater. Compensating for this, the actual recession curve would
also be slower (steeper) because a decrease in final intake rate due to the
longer application rate would prolong run-off. The original curves gave
reasonable, though not correct, values to study possible modifications of
this extreme magnitude.

The anticipated curves on Figure V-7 show adequate depth infiltered at
the beginning, too much on the upper two-thirds, and under-irrigation for
the lower end. Runoff was excessive as cut-off occurred 25 minutes after
flow reached the end. However, since this strip is the upper half of a
1400-foot field, a very high efficiency using continuous border-strips
could be obtained by opening the valve at 7+00 when flow reached this point
and closing the valve at 0+00. Runoff would then be entirely utilized, and
water would be backed up at the middle compensating for the under-irrigation
previously existing. The problem of run-off would occur then at the lower
end of the second strip. A dike at that location, ponding water and making
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possible an earlier cut-off, would bring these two strips to a rather high
application efficiency at the increased MAD level, and reduce labor because

of lesser frequency.
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Figure V-7. Anticipated evaluation curves for increased MAD and original
stream size.

For the single upper strip, high efficiency is impossible for these
conditions as the strip is too short for the large MAD, Other possibilities
would be: run two strips with half-size streams which would reduce runoff
but over-irrigate the upper end. A return flow system to put the runoff
water into storage for later re-use could be used under some conditions.

Strip Length can be varied when a supplemental line is installed, or
portable pipe is used. As shown, changing MAD requires different length
strips which is a very important consideration. With annual crops the ex-
panding root zone requires larger irrigation and longer strips. At the
beginning of the season, a strip might be started in three sections, and
later cut into two or even one, or sprinklers could be used for the eariy
applications.

For the evaluated strip, if MAD were 5.4 in. and the desired stream
flow of about 2.4 cfs were available, the anticipated curves and efficiencies

on Figure V-8 would be indicative of the results. The recession curve would
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be stretched in the middle and, be raised because of the lower intake rate
caused the longer MAD, and the larger stream would result in a more rapid
advance. A PE (SCS) of about 80% would result. This "on paper" study
based on the extension of the evaluation data indicates what may be tried
in the field. A dike to pond water at the lower end would be a further
improvement. It would have been much better to have run several stream
sizes at the time of making the evaluations so that a better estimate of
different trial advances could be made.

e 2¢ 3¢ 4+ 5S¢ - 8¢ 9¢ 10+ 11 12+ 13+ 14 15+ 16+ 17
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Figure V-8, Anticipated evaluation curves for increased MAD, stream size,
and length,

Summarz

The additional analysis shows that: much can be learned about the
grade of the strip and variations in intake rate by observing the simultan-
eous changes in shape in the advance and recession curves (see Appendix F);
the recessicn curve shape remains similar for any particular strip condi-
tion, and also minor condition changes can have an anticipated effect on
the curves; there is only one stream size and resulting advance curve
which ideally matches the fixed recession curve; changes in MAD will require
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a change in length if the correct stream is not changed; and that inter-
related adjustment in stream size, MAD, and sometimes length are practical
to improve efficiency and save labor. It is essential in order to make the
desired adjustments that water deliveries be flexible in frequency, rate,

and duration.



CHAPTER VI
BASIN IRRIGATION

Basin irrigation is an easy way to irrigate and adaptable for crops
that can stand being partially submerged and for pre-irrigation or leach~
ing. Basins are not recommended for germiniation or where a soil crusting
may cause difficultires. Basins may be as small as a few square feet around
a young tree or as large a2s ten or more acres. Such large basins require
level, uniform soil within the basin and a large enough stream of water to
cover it quickly. The shape ans size of each basin should be selected to
match soil and field boundaries. Dikes to create the basins can be farmed
over and easily built up and broken down for cultural practices.
Evaluation

The evaluation of basin irrigation is mostly done by observation.

The uniformity, inflow rate, flow duration and basin area are required

to estimate the Actual application storage Efficiency, AE. Determining
exact efficiency values is impractical due to small variations in intake
rate in various parts of the basin and/or low spots where water ponds will
produce appreciable differences in the depth infiltered. Aerial photos,
soil surveys, reaction to tillage, variations of crop production and sa-
linity, etc., may all provide information for selecting basins with re-
latively uniform infiltration.

The improtant items to be obtained, measured, or observed, arz as
follows:

1. A sketch, drawn to scale, of the field layout.

2. The soil moisture deficiency, smd and Management Allowed Defi-
ciency, MAD.

3. The rate and duration of inflow into the basin.

4. The way the wa:er spreads, noting the rate of filling and smooth-
ness of the basin.

The reace of infiltration, or time required to replace the smd.

6. Any variations in intake rate within the basin.

7. The adequacy or depth of penetration by a probe or an auger.

Equipment needed

1. Soil auger.
2. Soil probe.
3. Watch.
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4. Flow measuring device.

5. Surveying tape and compass for measuring the basin areas.
6. Hand level.

7. Staff guage.

8. Forms for recording data.

Fieldgprocedufq

1. Prepare a map of the basin under study.

2. Make soil moisture deficiency checks in several locations.
Observe and note any difference in crop growth, soil texture, profile
and smd. Compare the minimum smd to MAD to determine whether it is dry
enough to irrigate.

3. Determine the rate of inflow and note the starting and shut off
times.

4. Observe the advance of the water front. On the map of the basin
sketch the position of the water fromt at six or eight time intervals. An
uneven advancing front iine will give an indication of high and low areas,
A grid of stakes in the field would increase accuracy, but problems can be
adequately identified without stakes unless the basin is very large.

As the water level drops, sketch the position of the receding water
front at several time intervals noting any major islands or ponds. The
receding water front at succeeding times can be shown on the advance
sketch map with a different color anl/or type of lines. (The advance
and recession maps can be made as overlays using sheets of tracing paper
over the base map.) Only moderate accuracy 1is needed to indicate high or
low areas at any point. The difference between the arrival time and the
receésion time is the opportunity time, To.

5. The rate of infiltration cannot be easily determined for the
basin (though cylinder infiltrometers can be used for more detailed study).
However, a concept of magnitude can be obtained at the same time the smooth-
ness of the field is being observed. A staff gauge or datum stake can be
set in the field near the inlet gate or where it can be easily read. A
record of gauge readings at various time intervals should be kept.

The time when the water is turned on and off and when the basin is
covered should be recorded. Depths and times should be noted after the
basin is filled and as the water level drops. This data should be plotted
as a cumulative depth/time curve which will be adjusted to pass through the

value of the computed inflow depth at the time water disappears frsom most
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cf the basin surface. The adjusting process is similar to that used
for border-strips and cylinder infiltrometers (see p, ).

A precise cumulative intake curve cannot be bound, because of
filling time, different length of time on various parts of the basin,
wind effects which cause the water to stack up against a downwind border,
the lateral flow from slow intake areas to those with higher rates, etc.
For‘most operations it is adequate to approximate the time it takes the
water to disappear from the basin, since this data is not needed for
efficiency computations. If reasonably precise intake data is desired,
the procedure described below in 6c will give the best results.

6. Variations in intake rate in different areas of the field can
be observed by several procedures which are described below. None of
these can be considered as more than an indicator of a problem, but a
knowledge of variations is important for estim:‘ing uniformity.

a. A slow flow of water toward an area of high intake may
be observed if the area is extensive enough to create a noticeable flow.
Walking around within the basin after it is filled and stirring up a
little suspended soil will make the flow visible.

b. After the basin is filled, small dikes barely reaching to
the water surface can quickly be constructed dividing the basin into as
many smalle ' sub-basins as practical. Observation of the drop in water
surface, usually measured from datum stakes, will indicate the relative
intake rates of adjacent sub-basins. Allowance must be made for the
probable differences of relative intake rates because of water not
arriving at each sub-basin at the same instant. The absolute intake
rates of the sub-basins would not necessarily be meaningfull, since
they may be the average of areas with high and low rates.

c. Construct the sub-basins as mentioned above but leave
gaps in the dikes, Water will tend to flow through the gaps from sub-
basins with low intake rates toward those with high intake rates. This
is the most sensitive method to observe dissimilar intake rates. Again
allowance must be made if the time the water arrives at each area is
not the same.

d. Construct a number of sub-basins prior to the test and
quickly turn a measured depth of inflow into each of them. This is
done by measuring the flow rate, duration and area covered. Then measure
the rate the water level drops. Assuming the depth of water applied

disappears from all the surface at the same moment, i.e., level basin and
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uniform intake, a cumulative adjusted intake curve can be plotted back-
wards beginning with the point representing the total depth infiltered.
The data for the backwards plotting of depths at other times can be
obtained from measurement taken from a datum stake, starting immediately
after the inflow is shut off and the basin is full. Since the small sub-
basins can be filled quite rapidly, the starting time for backward plotted
curves can be assumed equal to the length of time between when 0.5 to 0.6
of the sub-basin is covered and the applied water disappears.

e. Cylinder infiltrometers may be used to estimate infiltra-
tion characteristics within the basin. However, numerous tests must be
made to obtain a reasonable degree of accuracy. Such tests require
appreciable labor and sophisticated analytical procedures. But this is
the only method capable of giving predictive values.

7. The use of a probe, after tte water has just disappeard from the
surface, will indicate the depth and uniformity of penetration at that
time. Water will continue to move deeper as the upper part of the soil
profile drains down to the field capacity. A check at that time or soon
afterwards will indicate if water has already penetrated too deep, or is
still peretrating. Soil probes do not work will in fine textured soils nor
to depths greater than about 3.5 ft. A check with a soil auger a few days
later will give more precise information about the adequacy of irrigation,

but does not indicate over-irrigation.

Analysis

The objective of an evaluation is to determine the effectiveness
of the present management practices and to indicate where improvements
can be made.

The 5048 moistune deficiency, smd, checks compared with the Manage-
ment Allowable Deficiency, MAD, will tell whether the time of the irriga-~
tion is too soon, too late, or at the correct time. It will provide the
depth of water to be replaced by the irrigation. It is a key number in
computing any efficiency term since it corresponds to the maximum depth
of water that can be stored in the root zone at that location.

The depth of water applied is corputed by multiplying the inflow rate
by the duration and dividing by the area of the basin



cfs x hrs
acres

Depth Applied = inches

or
96.3 x gpm x hrs
Square ft.

Depth Applied = inches

The unidonnitu ok indiftnation is important and it can he estimated
fairly well. It is affected by duration of water on the surface (Time
of opportunity, TO) and intake rate.

If the basin can be covered in about 1/4 of the time needed to
fully irrigate all parts of the basin (Advance Ratio, R = %), the
adverse effect of the initial wetting on uniformity will be minimum.

If the basin were level and the surface became free of water at about

the same moment, uniformity would then be very high with an average of
about 5% going too deep, since less than 10% more water would be in-
filtered at the location where water entered the basin than at the far
side. This would be true only within the limitation that the intake

rate is uniform throughout the basin. The uniformity of intake rate with-
in the basin should be checked by one of the steps listed under point

6 in the Field procedure.

Nearly all of the water ponded in low areas may be considered as
going too deep. This is based on the assumptions that the minimum de-
pth infiltered, which should just satisfy -he smd, occurs at the first
areas exposed in the basin as the water recedes, and that the intake rate
1s uniform over the basin. This volume of water which goes too deep can
be estimated from the average depth of each pond and its area. This
volume will be in addition to the approximate 5% going too deep because
of the advance time.

To illustrate this, assume that the water disappeared in half of the
basin at about the same moment and the remaining portion was ponded with
an average depth of 0.4 inches. This would correspond to an average de-
pth of 0.2 inches on the entire area. If 4.0 inches were applied, the
loss to deep percolation from the ponded area would be 5%.

The Distribution Uniformity, DU, can be approximated from the observed
information as follows

minimum depth infiltered 100
average depth infiltered

DU =

For basins with no runoff and using the average of the lower 1/4 as the

minimum this may be rewritten as
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average depth applied - average depth ponded with 1/4 area exposed x 10
average depth applied

DU =

(DU can be more precisely determined by using an involved and detailed pro-
cedure similar to that described in Border-Strip irrigation under Adjusted
Cumulative Intake. This is done by using the advance and recession maps
developed in step 4 of the Field procedure and finding the time and a cor-
responding Typical depth at about 8 to 12 points representing equal areas
and then finding "minimum" and average depths).

Potential and Actual Efficiencies can be estimated when the depth in-
filtered on the first 1/8 of the area equals the smd. At this point PE
and AE are equal to DU, since there is no runoff. When over-irrigation
occurs and more water is infiltered into the first exposed area than the
smd, the AE will be less than PE.

A little thought will show that basin irrigation can be highly efficient
only when the basin is very level, has soils with uniform intake rates
and the correct depth is applied rather quickly. Practical problems of non-
level fields, even by small amounts, and non-uniform intake rates reduce
the PE values appreciably, If smd is not determined and the proper flow
rate and duration computed, AE values may be considerably lower. Among all
the items concerned with DU and PE, only the volume applied can be accurately
obtained. A reasonable value of efficiency can be computed by estimating
the water which goes too deep. Problems of slow filling, non-level field

and dissimilar intake are identifible and correctable if warrented.
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Aggendix B

Stabilizing onflow stream rates from a fluctuating source. For quick
approximate checks of irrigation efficiencies, some fluctuation in flow
rates is not detrimental. For more detailed studies, stable onflow rates
are nearly essential.

The principle of stabilizing flow is to use turrouts of an orifice
type such as a gate, siphon, short tube, orifice, etc., in which flow is

proporticned to HO'5 in conjunction with a bypass controlled by a welr in

1'5. A 107 increase in H will increase flow

which flow is proportional to H
in the orifice 5%, but over the weir the flow will increase 15%. The longer
the weir and the greater the proportion of flow going over it, the smaller
will be the fluctuations on the turnout.

A sample layout is shown on Figure A-1.
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Appendix C

Flow Measuring Devices

I'lou ncasurements are an essential part for successful and
good irrigation and of all evaluations. The degree of accuracy needed
varies with conditions. Many commercial measuring instruments are avail-
able and many improvements can be made based upon hydraulic principles,

The ones commonly used for evaluation and their operation are described,
and others are mentioned. Accuracy of all but the volumetric procedure
will seldom be closer than 5%. More detailed discussions and tables may
be found in texts and pamphlets. Figure A-2 contains graphs of flow rates
of siphons and Parshall flumes and powers of numbers,

Volumetric. From sprinklers flow is diverted by a short section of
hose into a container of known volume, usually one gallon. The time to fill
1s measured. The container must be large enough so that duration of flow
can be accurately measured. A stop watch improves precision,

In furrows, the container can be set into a hole and flow directed into
it by a short tube. At the upper end of furrows using gated pipe or siphons
the process is similar.

With an adequate size container, this is the most accurate proceduce.

Orifice. The principle of measuring head on an orifice or short
tubes and relating this to the corresponding velocity through an area has

O'J. Where C is a shape and entrance

many adaptations. Q = AV=C A 8 H
condition constant; A is area in square feet, and H is head in feet, Q
will be given in cubic feet per second, cfs. Valyes of C are published
for many conditions. The minimum value for a sharp edged orifice is 0.61
with .64 being more nearly an average. Head is measured from the water
surface to center of the orifice and should be a minimum of one diameter
for accurate flow readings. For submerged orifices, H is the difference
in water surfaces.

Standard conditions at the entrace to orifices or short tubes reauire
that they be clear of flow distorting conditions for at least one diameter
on all sides, and that the flow aprroaching it be slow and uniform. The
edge of the orifice must be "sharp" (unrounded) and the face smooth. Ori-
fice plates may be submerged in Loles so that there is adequate space
around the orifice on all sides.

Parshall flumes. A special horizontal, converging channel carefully

made to specific dimensions is well adapted to evaluation techniques. It
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requires very little drop through it, and is usually free from sediment
collection in it. For setting in furrows to measure inflow minus outflow,
they should be set as deep as practical to reduce ponding upstream, but
not deep enough to be "drowned out" by downstream flow covering the shoot-
ing flow through the throat. Small canvas aprons on the upper end can be
buried in the soil to prevent bypass flows. The flumes must be set hori-
zontal using a spirit level. Larger flumes are usable to measure onflow
to border strips.

Depth of flow is measured at one-third the throat length from the up-
stream edge. It must be measured accurately and the depths converted to
flow rates by using tables or Figure A-2. The use of a point gauge to
measure down to the water surface gives the best accuracy.

Weirs. A weir is a barrier across an open channel and water falls
freely over it. There are weirs of many shapes. The common ones are 900\\/:
rectangular | j , and trapezoidal \_ /, with 1:4 side slopes. The V notch
is adapted to accurate measurements of low flows and may be used in furrows
on moderate to steep grades. The other two are useful in larger channels.
All weirs require appreciable loss in head.

For standard conditions, the sides and bottom of the weir notch should
be two to three times the depth of flow over the welr away from the adja-
cent channel. The edges of the weir must be "sharp" (unrounded), the face
emooth and vertical, the flow approaching it must be slow and uniform,
and water must not back up above the 1ip on the downstream side.

Head, H, on weirs 1s measured by the height of the water above the
welr crest at a location at least three times the depth of overflow away from
the crest. Flow in cubic feet per second, cfs, is given for V welrs by
Q = 2.5H2:5; for trapezoidal by Q = 3.37 L Hl:3; and for rectangular by
Q = 3.33(L —0.2H)H1’5, where L 1s the crest length in feet. For more
precise welr calibration, publsihed values of C must be consulted. Flow
depth should be greater than 1/2 in. (See Figure A-2 for powers of numbers.)

Pipe jets - horizontal and vertical. A stream of water flowing full

from the end of a horizontal pipe in a simple flow measuring device. By
measuring the horizontal distance, L (inches) from the end of the pipe

to where the jet has dropped 12 in., the flow in gallons per minute, gpm,
can be computed. Q = AL,vhere A is the areaof the pipe in square inches.
For other flow conditions of sloping pipe or partially full, tables may be

consulted.
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Flor low vertical jets where height of jet, H ,1is less than 0.4 dia-
meter, d , weir flow gives practical answers. A = 8.8d2'5H3'5 with Q in
cfs, d and H in feet.

For vertical jets with H grzater than 1.4 d, Q = 5.6d2H?"5. For values
of H between 0.4 and 1.4 d, the values by either equation are a little
higher than actuval flows.

Direct veloeity measurement methods are numerous. Current meters are
used to measure the velocity at several points. FEight-tenths of the velo-
city of a surface float approximates the average velocity along the path
of the float. The float is affected by wind unless submerged. A vertically
held stick maintained close to the bottom of the channel and moved by the
current will indicate the average velocity. It must be tried along several
paths. For all of these methods the representative area of each path multi-
plied by the velocity must be totaled for the entire cross section of the
channel to obtain the total flow.

Dyes such as fluorcein, which is visible at a few ppm, can indicate
velocity.

Inacrect vefocity measurement methods consist of converting velocity
energy to elevation pressure in feet which can be used to compute velocity
in feet per second, fps , V = 8 HO.5, By inserting an I-shaped tube point-
ing directly into the stream, water will rise in the vertical section a
height , H, above the water surface (Pitot gauges.) Also a hose or tube may
be used. Refinements of this procedure are available commercially, especially
for pipe flows and sprinkler jets., A flat board of width about equal to
the water rise can also be used. When the board is placed across the
stream, water 1is forced up the front face H distance. This method is
reasonable only for velocities from about 1.5 to 5.0 fps with H values from
0.04 ft. to about 0.4 ft.

Constuicted channels, artificial or natural, can be used in conjunction
with hydraulic principles to measure flows either by forcing critical depth
or non-uniform flow.

Comme e dad metets of various types are available in manv sizes.

Summary. The commonly used portable devices used for evaluation are
for sprinklers - calibrated container and watch, Pitot pressure gauge and
orifice area; for furrows - small Parshall flumes, orifice plates, calibrated
containers, short tubes. and V notch wier, for border strips. Parshall flumes,

weirs, horizontal or vertical jets, and commercial meters.
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Appendix D

Procedure to Draw Furrow Intake Curves for any Spacing from Field

Test Data.

1. On a sheet of 3 x 3 cycle logarithmic paper, place title show-
ing location, date, soil, slope, moisture condition, and furrow shape
and condition. Mark bottom scale tim¢ from 1 to 1000 minutes; and verticai
scale for two sets of (nfake units gpm/100 ft. and depth, inches from
0.1 to 100 or 0.01 to 10 as needed.

2. From furrow tests data, plot intake rate gpm/100 ft. versus
time, and draw a straight line through the points for each test. A line
typical of all tests is then drawn completely across the paper. If the
original lines vary :-eatly, two typical curves may be drawn to represent
the range,.

3. Measvre the horizontal, h, and vertical, v, length of the line
using any convenient linear scale since only the ratio is needed.

4. For the desired furrow spacing, S, in feet, compute a time ,T,
in minutes using the equation T = 60(1 a%)S, and mark it on the gpm/100 ft.
intake curve drawn in Step 2.

5. Measure the distance from this point to the line T = 1.0 minute
(the left border.) Measuring can be done with any linear scale or by
making marks on a piece of parer.

6. Measure down the distance found in Step 5, from where the gpm/100
ft. intake curve crosses the line T = 1.0 minute, and mark it.

7. Through the two points found in Steps 4 and 6, draw a line that
represents the accumulated intake after any time, T, for the desired furrow
spacing, S.

8. For other furrow spacings, repeat Step 4 and draw lines through
the corresponding T points parallel to the line in Step 7.

The resulting cumulative curves are representative of the test, but
may not be construed as being more than a reasonable guide for other con-
ditions since intake rate varies with antecendent soil moisture content,
stream size, whether the furrow is new or reused, soill structure, etc.
Intake rate in in./hr. for specific furrow spacings may be drawn as shown

Figure 1V-2, page IV-13,



Aggendix E

Cylinder Infiltrometers. The cylinders should be 10 in. or more in

diameter, 12 in. to 15 in. long, and be of 14 or 12 gauge steel. They
should be driven straight without wobbling to have no open cracks around
the edge, to a depth of about 6 in., A heavy steel plate to cover the upper
end, for protection of the edges, and a heavy hammer are used. Some pro-
tective material such as vegetation, a piece of paper or cloth, is placed
in the bottom of the cylinder to protect the soil from erosion when water
is poured in. 1If the protective material has any appreciable volume, it
must be removed immediately after filling of the cylinder and before the
first reading. A reference datum is chosen and marked on the rim of each
cylinder. At some full minute, 4 in. to 5 in. of water is quickly poured
in one cylinder. As soon as possible the first measurement is made from
the datum down to the water surface. On most soils the second reading is
taken at one minute, but on soils that have cracks or very high intake rates,
the second reading should be taken at 30 seconds followed by a third at one
minute. Subsequent readings are taken at increasingly longer intervals to
obtain eight or more measurements during the test. If the cylinder needs
re-filling, before and after depth readings are quickly taken, but recorded
as though at the same time. The other cylinders are filled in sequence, as
convenient.

Water surface readings are made only to the nearest 0.05 in. since the
plotting procedure averages out the values, and the variation between cylin~
ders is appreciable. They are made from the datum to the water surface
using a rule, a point gauge, or a hook gauge, though the latter does not

permit the last inch or so of depth to be measured.
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Appendix F (continued)

Combined Curves
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Appendix G
Soil Probe

The soil probe, which is used to determine in the field the depth
of penetration of irrigation water, is a very useful tool in irrigation
practices. Essentially the probe consists of a pointed 3/8 in. steel rod
5 ft. long, with a handle at one end which gives the probe a T shape
appearance. To facilitate the measurements, the rod can be marked in
foot increments or in any other suitable units.

The irrigator can determine the depth of penetration by simply push-
ing the soil probe into the wetted soil. The probe will easily penetrate
the wetted profile and will encounter more resistance to penetration when
the deeper portion of the soil profile is reached. The irrigator would
then measure the penet~ated depth by means of the marks on the rod. By
systematically repeating this procedure, the irrigator will have a very
good idea of water penetration in the irrigated field and be able to exer-
cise good control of irrigations, Lateral water movement can also be deter-
mined by the probe, such as in furrow irrigation, where it may be advan-
tageous to measure the lateral spread of the irrigation water from the

furrows,






GLOSSARY

Curve nges

Advance curve

A plot representing the distances traveled by the water front and the
elapsed times of irrigation for those distances. It is usually plotted on
rectangular coordinate paper with the distance along the horizontal or "x"
axis. The curve will rise smoothly upward. To facilitate extrapolation of
the advance curve beyond the true field length, it may be plotted on log-
arithmic (log-log) graph paper. For convenience it may be plotted on the
same paper with the depth of infiltration versus time or cumulative intake

curve,

Irrigation curve

A line plotted at a uniform time interval above the advance curve,
The interval is the time, Ti’ needed to infilter the depth corresponding
to the soil moisture deficiency, smd. The irrigation curve has an identi-
cal shape to the advance curve and shows how long water should be on the
soil surface. Ideally the recessior curve would match the irrigation curve,

but this is not possible.

Recession curve

A plot of the time versus distance from the beginning of irrigation
when the water has disappeared from the surface along a series of points
down an irrigated strip. The time is measured from the beginning of irri-
gation. For border strips it is usually an upward sloping curve, which may
have many variations depending on soil and slope uniformity. It may dip
down at the far end if the stream 1is cu* off too soon, the soil has a high
intake rate, or the gradient is too flat. If there is ponding at the end
or at the low spots, the curve may swing up at the end. For furrows,reces-
sion curves may be approximated by horizontal straight lines occuring short-
ly after the stream is turned off, i.e., the water disappears from the whole

furrow almost simultaneously.
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Efficiency Terms

Actual application storage Efficiency, AE
The minimum infiltered depth of irrigation water stored in the root

zone expressed as a percentage of the average depth of water applied. 1It
can refer to one irrigation or a season, and to a farm, field or a unit.
Conveyance and supply losses are not included.

For all methods

minimum depth infiltered and stored in root zone
x 100
average depth applied

AE =

for sprinklers

minimum depth infiltered and stored in root zone 100
average rate applied x application time

AE =

With a full or excessive sprinkler irrigation, the application time, Ta’
is equal to or greater than the minimum time for a full irrigation, Ti'

therefore, when storage ration, SR, is 1.0

- Dinimum rate caught x T 100
average rate applied x Ta x

The AE tells how effectively water is being applied. It is most signi-
ficant when an irrigation that satisfies the smd has been applied, SR = 1.0,
Very low values of AE indicate over-irrigation or careless operation, with
some areas receiving little water. Whenever the Potential irrigation system
Efficiency, PE, is greater than AE, management practices can be improved.
Moderately low values of AE may be economical, they also may be associated

with Intentional Under-Irrigation (see the Introduction Section),

Application storage Efficiency, Ea

The average depth (instead of minimum depth) stored in the root zone

expressed as a percentage of the average depth applied.

- average depth stored in the root zone x 100
a average depth applied

The Ea equals the AE when a full irrigation satisfying the smd over
the entire field is applied, i.e., SR = 1.0, However, the Ea gives no
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indication of the level of SR and even with exaggerated under-irrigation
(like throwing a cup of water on a field) Ea may equal 1007%. The E, merely
shows that the water was stored within the root zone. Therefore, Ea must
be considered in conjunction with DU and SR. Where intentional under-irri-
gation is used and SR is less than 100%, AE cannot be used and Ea should be
utilized.

The term "application efficiency" l.'e often been given broader meaning
elsewhere to include the concept:s of beneiicial use. In this broader con-
cept the following water classifications have been included in the numerator
making up Ea: water needed for leaching to maintain a favorable salt bal-
ance, water evaporated from plant leaves, which reduces transpiration by
similar amounts, and water saved from deep percolation being used as it
passes in transit through the so0il profile. These waters cannot be measured
as a deficiency or replacement in the soil moisture reservoir. Therefore,
they must be considered in some other way and are excluded from the defini-
tion of E or AE. There can be no comparison between irrigation methods or
evaluations unless these waters are considered as separate items.

The leaching requirement varies with crops, water quality and desired
level of production. Therefore, it must be considered as a separate amount
for each specific condition not related to the soil.

Evaporation from wet leaves during sprinkling offsets a like amount
of transpiration that would have been satisfied from soil moisture storage.
This can be used to increase the interval between irrigations by about the
portion of the daytime during which water was being applied since negligi-
ble soil moisture is extracted while irrigating.

For all irrigation methods a reduction in potential deep percolation
loss occurs as a crop utilizes moisture while it ig still draining trhough
the soil profile. With deep rooted crops on finer textured soils this
transient water may amount to several days of the transpiration requirement.
Most logically this transient water could be allowed for computations by
increasing the value of the available moisture in the soil and the MAD.
However, for practical purposes it is usually ignored, since it is difficult
to measure or estimate. {It could have an appreciable effect on the effi-
ciency terms, especially TR, and on anticipated frequency if computed eva-
potranspiration rates were precise, but does not occur in under-irrigated

areas.)



Infiltration storage Efficiency, Eis

The average depth (or volume) stored in the area wetted and expressed

as a percent of the average depth (or volume) infiltered into the wetted

area.

= average depth infiltered and stored in the wetted area x 100
is average depth infiltered into the wetted area

E

The Eis is useful to distinguish between the irrigation losses that
are lost to deep percolation and those either lost by evaporation before

reaching the ground or by runoff.

Potential irrigation system Efficiency, PE

The measure of system performance attainable under reasonably good

hmanagement when applying a full irrigation,

minimum depth infiltered Just equaling smd or MAD
PE = x 100
average depth applied

The PE is a particular and identical value of AL when the desired depth of
water has been infiltered. A low value of PE is usually associated with
poor system design (unless intentional for economic reasons). The differ-
ence between PE and AE is a measure of management problems.

Meaningful comparisons between several systems modifications or
methods can only be made by comparing values of PE. They must be made
when applying similar MAD depths, and with identical specification of "mini-
mum" depth. Economic comparisons must also include costs and crop produc-

tion factors.

Irrigation Management Concepts

Adequate irrigation
An irrigation in which the Management Allowed Deficiency, MAD, is re-

placed in all the area or depth planned for irrigation. It is usually
associated with an irrigation practice where only part of the potential

raoot zone {s watered.

Alternate sets

A practice mainly used for portable sprinkler irrigation to improve

Distribution Uniformity, DU. It consists of placing the sprinkler line at
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each irrigation midway between the sets of the previous irrigation. This
usually improves DU when the two complete cycles are superimposed, though
each single set may have had a low DU value. Also it frequently allows
using a move distance greater than would normally provide an acceptable
single-set DU value. This permits a saving of labor, reduces average appli-
cation rates, and may make it possible to irrigate a larger area in the
same period of time. Care must be taken with this procedure, so the extra
deficiency that will occur midway between the wide lateral sets does not
severely stress the crop before the next irrigation is applied to compensate.
This practice is sometimes called alternate furrows for row crops or

alternate middles for orchards or vineyards,

Alternate side irrigation

A practice of wetting one side of a crop and then at about half the
normal irrigation frequency applying water to the other side, thus provid-
ing full coverage at about the normal frequency. This practice is desir-
able for several reasons. It permits the crop to functiin with less severe
stress than would be possible if the entire root system reached MAD simul-
taneously. This may permit the choice of a larger MAD than would rormally
be selected. Under this program at least one side of the plant always has
moisture available at stresses of at least half or less than MAD. It also
provides reserve easily available moisture for suddenor high transpiration.
demandss,

Alternate side Irrigation improves the efficiency of light irrigations
which allows twice as much area to be covered during each cycle. It may

require more effort but very little more time for the irrigator.

Full irrigation

An irrigation in which the soil moisture deficiency, smd, is fully

replaced in all the area.

Leaching requirement
The depth of infiltered water required to dissolve and transport

enough salts through the soil profile to maintain a favorable salt balance

for economic plant growth.
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Limited irrigation

An irrigation management concept in which the soil moisture deficiency,

smd, 1s not fully replenished in the entire root zone depth and/or area, but

the frequency is increased so there will be mo decrease in yield.

Management Allowed Deficiency, MAD

The MAD is expressed as the allowed soil moisture deficiency used to

schedule irrigations so that net crop returns are maximized. It is first
related to a soil moisture and crop stress and is expressed as the percent

of the total available soil moisture that can be extracted from the root

zone between irrigations to produce the best economic balance between crop
returns and irrigation costs. Secondly, it is expressed as the correspond-
ing depth deficient for a given root depth and soil having a specific avail-
able moisture content. This deficiency is related to a soil moisture stress,
at which an irrigation should be applied.

The evaluation of furrow and border-strip irrigation systems should be
made when the MAD is reached, since intake rate, water movement and duration
of irrigation are greatly affected by soil moisture conditions. Recause of
the appreciable effect of the MAD on these factors, small variations in the
MAD become ome of the important management tools for obtaining desired oper-
ation improvements for surface systems, especially border-strips. This is
true because of the rapid decrease in infiltration rate as the duration of

application continues.

Minimum dept* <nfiltered

This terw, as used in the several equations, is defined in three ways:

1. The absolute minimum measured.

2. The average of the lowest 1/4 of the values (proposed by the
Soil Conservation Service, USDA).

3. The average of the lowest 1/2 of the values (used in Christian-
sen's Coefficient of Uniformity),
The first one implies that no area receives less than the measured minimur,
the second that 1/8 of the area receives less and the third that 1/4 re-
ceives less.

For the concept of efficiency to be practical, the area below "mini-
mum" must be small but also greater than zero. The SCE minimum is recom-

mended for normal use 1in evaluations.



Return flow system

A system to collect and re-use runoff water by either pumping it back
to the supply or sequentially using it on a lower field, often a reservoir i

required for a flexible operation.

Stress irrigation
An irrigation management concept in which the depth and/or frequency

are not sufficient for maximum production, but are designed to increase

economic returns or yields per unit of water.

Tipping sprinkler risers
Tipped sprinklers along the sides and ends of fields will reduce the

trajectory distance and cause the water to fall in closer instead of being
thrown past the field boundary. The practice of tipping or bending risers
to reduce the trajectory to about half the normal throw will approximately
compensate for not having a line of sprinklers beyond the last set to apply
the usual overlapping applications., It should only be used on mature crops

which will not be damaged by the low-angle jets.

Ratios

Advance Ratio, R
It 1s the ratio of the time it takes a furrow stream to reach the

lower end of the field, Tadv’ to the length of time the water is at the

lower end, To(L)'

- Tadv/To(L)
For design or where the furrow system is well operated, the water

should be at the lower end just long enough to provide the desired irriga-

tion, Ti' or

R=T ., /T

adv’ 1

The advance ratio is closely related to the uniformity of infiltration
of water along a furrow. Values as small as 1/4 result in a uniform appli-
cation, with only about 10% more water infiltering at the upper end than at
the lower. A faster advance with R equals 1/5 only slightly improves uni-

formity. Ratios as highae 1/3 or 1/2 may be more economical although not



as uniform, since at 1/2 about 50% more water will have infiltered at the

upper end than at the lower.

Storage Ratio, SR

This is the water stored in the root zone expressed as a percentage of

average water storage capacity (or average soil moisture deficiency, smd).

average depth stored
average depth storable (smd)

The SR tells how well the average smd was satisfied. When SR = 1.0
the irrigation is either full or excessive and if less than 1.0 the field
is under irrigated in all or part of the area. Therefore, it must be
utilized in conjunction with the Distribution Uniformity, DU, since the SR
alone does not indicate much about the quality or management of the system.

This term has sometimes been called Storage Efficiency.

Transpiration Ratio, TR

This is the irrigation water transpired by the crop expressed as a

percentage of the irrigation water applied.

average depth transpired
average depth applied by irrigation

Under sprinkler irrigation transpiration may be reduced by evapora-
tion directly from the wet leaves during a day time. This direct evapora-
tion may be included as compensating transpiration and not considered as a
water loss. However, it cannot be included as soil moisture in the other
efficiency terms, Therefore, it must be included as directly meeting part
of the transpiration, i.e., reduces the frequency needed to satisfy smd.

It will be negligible during night sprinkling but significant during the
day.

Water in excess of the smd which might otherwise be lost to deep per-
colation may be consumed before it percolates out of the root zone. Thus
the average depth transpired couid exceed the smd and thus increase the TR.

The amount of stored water available for transpiration can be increased
by reducing soil surface evaporation losses. Therefore, the TR can be in-
creased by mulching, shading by crops, lowering the frequency of irrigation,
or wetting only part of the surface area. (See Intentional under irriga-

tion in the Introduction Chapter).



G-9

Soil Moisture Terminology

Available moisture

The moisture (or water) held in the soil between the field capacity

and the wilting point,

Field Capacity, FC

The moisture (or water) held in the soil after rapid drainage has

ceased. This usually occurs one to three days after the soil has been
irrigated. It can be expressed s a percent of the dry weight of the soil,
as a percent of the volume of the soil, or as a depth of water per unit

depth of soil.

Soil moisture deficiency, smd

Soil moisture deficiency is expressed as a depth of water indicating
the dryness of the root zone at a particular time. This depth is numeri-
cally identical to the depth of water to be replaced by irrigation under
normal management. Therefore, the idea of moisture deficient in the root
zone 1s preferable to the commonly used concept of depth of water in the
soll. How dry the soil should be before irrigation is needed is related to
the soil moisture tension at that smd and how well crops will grow at that
stress. Some crops produce better when kept moist by frequent irrigation,
however, diseases and pest problems may also be increased. Other crops may
produce more economically when allowed to become quite dry between infre-

quent irrigations whkich also reduces irrigation labor costs.

Wilting Point, WP
The moisture (or water) held in the soil at which plants begin to show

severe signs of wilting, since they can no longer extract moisture rapidly

enough.

Streams

Initial gtream

The stream started down the furrow or border-strip. It is usually
fairly large, but should be non-erosive. However, it may be smaller than

the largest available stream.
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Cut-back stream

The stream size to which the initial stream is reduced to minimize
runoff. In furrows, the cut-back should be made shortly after the flow
has reached the lower end, but it must remain great enough to continue to
reach the lower end. For border-strips, the initial stream is reduced or
shut off shortly before it has reached the end. On strips that are too
short for normal operation, the stream must remain large enough to permit

water to spread across the entire strip,

Time

Time of advance, T
ad

The duration of time it takes water to advance from the upper to the

lower end of a field.

Time of application, Ta

The duration of time water is flowing into the area.

Time of irrigation, Ti

The duration of time water should be on the surface to replace the

soil moisture deficiency, smd.

Time of Lag, TL

The duration of time it takes the water to disappear from the upper

end of a field after it has been turned off, TL = T° - Ta'

Time of opportunity, To

The duration of time water is on the g8oll surface with the opportunity

to infilter.

Uniformity Concepts

Coefficient of uniformity, Cu

A common way to present sprinkler uniformity is the Cu, originally
presented by Christiansen, which is a statistical representation of the

catch pattern. When expressed as a percentage, it is calculated by

- Id ;
Cu= (1 Mn) x 100
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or

Cu= (1 - average deviation from the average catch) x 100
average catch

where Id is the summation of all the absolute deviations; M is the mean
value of the catch in/ ' the containers in a combined pattern; and n is

the number of the containers.

Distribution Characteristic, DC

For a single non-overlapping sprinkler, the DC is the percent of the
total wetted area that has infiltered more than the average depth.

The DC relates to the uniformity of that portion of the central wetted
area that may contribute to deep percolatjon losses even under good manage-
ment. High DC values indicate that potential deep percolation losses are
low and the adequately irrigated area may be relatively large. The DC can
approach 100% which indicates an extremely uniform application, providing

there is very little overlap or tree interference.

Distribution Uniformity, DU
The Distribution Uniformity gives an indication of the uniformity of

infiltration throughout the field.

U = minimum depth infiltered

average depth infiltered x 100

The DU is useful as an indicator of the magnitude of the distribution pro-
blems. A low DU values indicates there will be excessive deep percolation
losses and a potential high water table if adequate irrigation water is
applied to all areas. If excessive deep percolation is controlled, the area

receiving the minimum depth will be badly under-irrigated.

Emmission Uniformity, EU

EU is the rate of discharge available to the plant receiving the least

water expressed as a percentage of the average rate of discharge per plant.

minimum rate of discharge per plant 100

U =
Et average rate of discharge per plant

The EU is an important concept in small single tree basin, trickle,
and high density undertree sprinkler irrigation systems. Where one or more
trees are served by each emitter (bubbler, trickler,or sprinkler), the min-

imum and average emitter discharges can be substituted ir the EU formula.



G-12

However, in trickle irrigation where several emitters may supply a single
plan, the minimum and average discharge of the group of emitters used per
plant should be considered. (The minimum should be defined as the average
of the low 1/4 of the groups.)

Often these systems with closely spaced emitters are only designed
to wet part of the potential volume. (Such systems would be classed in
the intentional under-irrigation group.) For these systems the E has sig-
nificance when defined in volume terus, and EU is comparable to DU For
trickle and micro basin systems where there is no drift loss, EU = DU if
each emitter group wets a similar area (or volume) of soil.

For trickle, basin and other irrigation systems with no runoff, 100 - E
is essentially the percentage of the applied water lost to deep percolation.
Consequently the AE of such systems equals the proportion of the applied
water which is stored in the root zone times the uniformity of application.

Therefore, for trickle and micro basin irrigation systems

E x EU
a

AE = —55

and assuming all applied water infiltrates

Eis x EU

100

AE =
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