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THIS BOOK

is dedicated to the research workers whose
achievements in the advancement of scien-
tific knowledge of irrigation are becoming
inecreasingly recognized ag of basie value
toward the perpetuation of a permanently
profitable soil productivity under irrigation






 Preface

My major objective in the preparation of this book has been to meet,
the needs of college and university students who seck information con-
cerning the basic aspects of irrigation principles and practices which
are of vital importance to the public welfare in arid regions. These
aspects of irrigation, sometimes referred to as the agricultural phases,
are of special interest to students of agronomy, agricultural engineer-
ing, and civil engineering. Although the needs of students have been
given first consideration and irrigation principles have been stressed,
considerable material deseribing modern methods and practices is also
included. Water commissioners, irrigation company officers, super-
intendents of irrigation projects, water masters, ditch riders, county
agricultural agents in the western states, and irrigation farmers are
all interested in the dissemination of knowledge that will contribute
to better irrigation practices and more efficient use of irrigation water.

Experience in teaching has convinced me that elementary equations
are of value to agricultural and engineering students. It is much easier
to establish clearly in the mind of a student who has had a beginners’
course in algebra, including the use of logarithms, the influence of canal
roughness, cross section, and slope, on the velogity of water and on
the discharge of the canal, by means of the equations of Chapters 3
and 4, than by descriptions without the use of symbols and equations.
A student who hag the mathematics required for college entrance can
obtain & clear understanding of most of the equations presented and of
the principles that the equations embody. Some aid from instructors
in the analysis and use of the equations of Chapters 10 and 12 will be
found desirable.

Bngineers, agronomists, and soil scientists recognize the need for a
study of the physical properties of soils as a basis for intelligent
advancement of irrigation practices. Uniform distribution of irrigation
water and adequate depth of water penetration into the soil would
be much easier to obtain if it were possible for the irrigator to see
by simple inspection how deeply into the soil his irrigation water pene-
trates and to estimate by direct means the depth of water stored in each
foot of soil. But, since these things cannot be determined by inspec-
tion, they must be determined by indireet means. The equations of
Chapter 9 are simple, practical tools which, when used in the light of
available information concerning moisture percentages in typical

ix



X PREFACE

soils before and after irrigation, enable the irrigator to understand
better what becomes of the water he applies.

A study of the flow of water in soils is difficult because of the many
variable factors invalved. Some simplifying assumptions have heen
made in the treatment of the topic in Chapter 10.

Decreased use of potentials and potential gradients and the use of
more elementary hydraulic terms, particularly hydraulic heads and
slopes, and sketches and numerical examples illustrating basic equa-
tions of hydraulics have been added to simplify mecasurements of flow
of water in soils. A condensed list of quantities, symbols, units, and
forece-length-time dimensions s presented to aveid confusion in soil-
and-water-relation studics which are basic to progress in 11'1'1gat10n
and drainage.

Arid-region peoples have been slow to recognize the necessity for
drainage of Irrigated lands, My experionce, together with recommenda-
tions from users of this book, has resulted in the addition of a new
chapter on drainage.

Knowledge concerning the consumptive use of water that is very
essential to intelligent allotment of water to different areas and regions
is presented in Chapter 14 by Harry T. Blaney, a recognized authority,

Chapter 18 on the social and administrative aspeets of jrrigation,
by J. Howard Maughan, will mect an urgent need of students in hoth
bumid-elimate and arid-climate areas.

Prohlems and questions to expedite student progress toward under-
standing Chapters 3 to 14, and to assist teachers, are presented in
Appendix A, which also includes questions for Chapter 18, Answers
to some of the 140 problems and questions arc given. More than 300
selected references to recent publications on irvigation and drainage
are presented in Appendix B.

I am grateful to Dean J. B, Christiansen, D, I', Peterson, Jr., ¢, I,
Milligan, and A. A. Bishop of the Utah State Apricultural College; to
J. Brownlee Davidson of Iowa State College; to colleagues in the
agricultural experiment stations; to C. W. Lauritzen amd others of the
Division of Irrigation and Water Conservation, Soil Conscrvation
Service; and to collaborators of the United States Regional Salinity
Laboratory for their many helpful suggestions.

Ross K. Petersen and I, Arvel Israclsen have assisted in the ex-
amination of the publications, and in the preparation of the illustrations
and manuscript. O, Allen Israelsen has reviewed and cdited the
manuseript.

Orson W, IspARLSEN

TLooan, Uraxt
June, 1960



Contents

CHAPTER

1. PROGRESS AND PROBLEMS

Definition, extent, status, and phases of n‘ugn.tlon Chmate, sox]s a.nd
irvigation,

2. SOURCES AND STORAGE OF IRRIGATION WATER . .
Precipitation, water supplies, streams, and reservoirs. Irrigation effi-
ciencies,

3. MEASUREMENT OF IRRIGATION WATER . .

‘ Units of water measurement, orifices and weirs with equations nnd dlS—
charge tables, the Parshall lume, current meters, and irrigation-stream
dividers.

4. CONVEYANCE OF IRRIGATION WATER . -
Torces which cause water flow, energy and hydraulic grade lmes, veloc-
ity equations, conveyance and delivery efficiencies, lining canals, flumes,
. tunnels, drops, chutes, and inverted siphons,

‘\--“5 PUMPING WATER FOR IRRIGATION |,
Power requirements, efficiencies, pumping lifts, prlmltlve and modem
pumping methods, types of pumps, kinds and costs of fuel, and sources
of water for im’gntion pumping.

6. IRRIGATION METHODS .
Tooding, furrow, sub-irrigation, and sprmkhng methods Tnne mte of
application and depths of water required. Distribution of water,

7. FARM IRRIGATION IMPLEMENTS AND STRUCTURES
Implements for leveling lands, making borders, and cleaning ditches.
Tarm irrigation structures, water-conveyance and distribution strue~
tures, conecrete pipe.

8. BASIC SOIL AND WATER RELATIONS . .
Soil and water relation quantitics, symbols, and units. Te*(tule struc-
ture, and specific gravity, Infiltration and permeability. Tension heads,
tensiometers, and equilibrium water conditions.

9. STORAGE OF' WATER IN UNSATURATED SOILS .
Water stored, goil augers and tubes, moisture contents and cnpacltles
Treld studies of water storage, and filling the capillary reservoir. Water-
application efficiencies.

10. THE TLOW OF WATER IN SOILS .
Energy equations, hydraulic slopes, and regions of equal hydrauhc
head. Water flow in saturated soils and permeability measurements.

xi

PAGE

20

59

80

115

151

168

187

222



xii CONTENTS

CHAPTER
Flow in unsaturated soils, tensmm(,wls tension heads, soil moisture
percentages.

11 SALINE AND ALKALI SOILS . . L
Climate and salinity, saline soils, and snhne-‘xlhah soﬂs Th(‘ atcr table
and steps essential to reclamation. Infiltration rates, sources of salinity
in water, and tolerance of crops to salinity.

12, DRAINAGE OF IRRIGATED LANDS .
Benefits of drainage, sources of excess wuter, mqunod watm tublo
depths, open drains, and tile drainage systems, Drain depths, spacing,
and ground-water flow. Pumping for drainage.

13. TIME OF IRRIGATION
# Crops needs, limiting moisture COl‘ldlthIlS m)pmmnm of omp, awul~
able water, wilting moisture percentage, growth rale above willing,
moisture needs of different soils, and seasonal use by different, erops.
" Available water supply and fall, winler, and spring irrigation,

14, CONSUMPTIVE USE OF WATER

w¢  Conditions affecting consumptive use of water. Evupomtmn mnl hun-
spiration. Tank, lysimeter, and fleld experiments. Soil moisture studies.
Analysis of climatological data and consumptive use by natural vege-
tation.

15. IRRIGATION OF CERERALS, FORAGIE, AND ROOQT CROPS
Irrigating cereals, alfalfa, and pastures. Water requirements of bects,
potaloes, and cotton.

16. IRRIGATION OF ORCHARDS .
Methods of irrigating orchards. Turrows. Bnqm and conLour chr'o]\q
Tirigation during the growing and dormant seasons, Water requirements
of apples, pears, peaches, and citrus groves,

17. IRRIGATION IN HUMID CLIMATES .
Advantages of irrigation, costs of equipment, and nugatlon as (101)
insurance. Sources of water and methods of irrigation. Water rights,
and the future of humid-region irrigation.

18, SOCIAL AND ADMINISTRATIVE ASPECTS OF IRRIGATION .
Individunl and mutual enterprises, commereial companies, Desert, Land
act, Corey act, irvigation districts and United Stales projects. Waler
laws, legislation concerning, and adjudication and aequisition of walor
rights, Distribution of water.

APPENDIX A . . . . . . . ..o e
Problems and questions.

APPENDIX B . . . . . . ,
References.

PAGE

246

268

284

317

334

360

a7
882

307



i
Progress and Problems

Irrigation is an age-old art. Civilizations have risen on irrigated
lands; they have also decayed and disintegrated in irrigated regions.
In the United States and Canada, irrigation is yet in its youth. Most
men wlho are well informed concerning irrigation are certain of its
perpetuity so long as it is intelligently practiced. Others think that a
civilization based on agriculture under irrigation is destined sooner or
later to decline because some ancient civilizations based on irrigation
have declined. The perpetuity of civilized peoples is probably de-
pendent on many factors, of which a permanently profitable agriculture
is vitally important. Some of the principles and practices essential to
permanently profitable agriculture under irrigation are con51dered in
this volume.

1, Irrigation Defined Irrigation is defined as the artificial application
of water to soil for the purpose of supplying the moisture essential to
plant growth. Irrigation may be accomplished in different ways:
by flooding; by means of furrows, large or small; by applying water
underneath the land surface by sub-irrigation and thus causing the
ground water to rise; or by sprinkling. In some regions, usually classed
as humid, crops are grown satisfactorily every year without irrigation,
the necessary soil moisture being supplied by rainfall. In other regions,
the rains during some years supply all the water needed by crops, but
during other years this source is not adequate. In years of low rainfall,
it is economieally advantageous in these regions to supply supplemental
water by irrigation, the value of the increase in crop yields thus ob-
tained being greater than the cost of irrigation. In regions of very
low annual rainfall, and in those where little or no rain falls during
the erop-growing season, even though the total annual rainfall is
fairly high, irrigation is essential every year in order to produce crops.
However, in nearly all areas where irrigation is practiced, crops get
some water from the rains, either as moisture stored in the soil from
the time of the rainy period to the period of crop growth, or ag moisture
1



2 PROGRESS AND PROBLEMS

added to the soil directly by the crop-season rains. Iirigation is
essentially a practice of supplementing the natural precipitation for the
production of crops, and it has the effect of lengthening the growing
season. :

2. Extent of Irrigation It is estimated that one-third of the earth’s
surface receives less than 10 in. of water annually and that an addi-
tional one-third receives only 10 to 20 in. The United States Bureau
of Commerece has listed the geographical distribution of regions of

IRrRIGATED AREAS OF THE WORLD
BY Counrrims, 1048

CoUNTRY MiLL1oNS OF ACRES IRRIGATBD

Argentina
Australia
Brazil
Canada
Chile
China
Egypt
France
French Indo-China
India and Pakistan
Iran
Iraq
Ttaly
Japan
Java
Mexico
Moroceo
Peru
Philippines
Russia
Siam
Spain
United States
Total
Other countries

Total

deficient rainfall as follows: the southwestern parts of Africa, South
America, and Australia, the northern part of Africa, the northern and
western parts of North America and Asia, and parts of southern Turope.
These areas include parts of Canada west of meridian 101, north-
western India up to the Ganges, the greater portion of Australia,
Palestine, Iraq, considerable portions of South Africa and adjacent
areas, and the Sudan. There are also large semiarid areas in China,
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EXTENT OF IRRIGATION

3

Japan, Turkestan, Egypt, the western United States, Mexico, and coun-

tries in South America.
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Fra. 1. Map of the Western United States, showing approximate location end

extent of irrigated areas,

(U.S. Bureau of the Census.)

The United States Bureau of Reclamation has assembled estimates
of irrigated areas of the world. A summary showing the extent of irriga-
tion, based largely on these estimates, is given on page 2.



4 PROGRESS AND PROBLEMS

There are more than 200 million acres of irrigated land in the world,
of which India and Pakistan have nearly one-third, China one-fourth
or more, and the United States one-tenth. Some writers estimate the
area for China as about 80 million acres, or one-third of the world
irrigated area.

The major part of the irrigated land in North America, approxi-
mately 21 million acres, is in the western United States. The ap-
proximate location and extent of irrigated lands are shown in the map,
Tig, 1, page 8. There is some irrigation in the eastern United States,
but because the areas are relatively small they are not shown on the
map. In some parts of the eastern United States, the natural rainfall
usually supplies enough water to meet all the needs of growing crops.
Parts of the West, such as central and southern California, depend
almost wholly on irrigation.

3. Present Status of Irrigation in the United States The task of
utilizing all the arid-region lands of the United Stateg that may ulti-
mately be irrigated is only about half accomplished. Probably 50
percent of the irrigable area remains non-productive beeause of lack
of water. The capital investment necessary to reclaim the remaining
half will far exceed the investment that has been made to supply water
for the area now irrigated. The largest reservoirs, the longest canals,
and the most expensive tunnels and inverted siphons are yet to
be built. The time when these monumental structures will be built
for the control of the water supply of the West for irrigation cannot be
precisely predicted. The esgential fact is that, so long as the population
is materially increaged each decade, the demand for further utilization
of water for irrigation will also increase. The rate of population in-
crease in the western states is especially significant. During the period
1940 to 1947, the population of the seven states on the Pacific slope
increased from less than 14 million to more than 18 million, an increase
of approximately 30 percent.

In a little more than 100 years, the population of Europe has grown
from 200 million to 500 million, In Great Britain, the population
increaged from 10 million in 1800 to 40 million in 1900. In the United
States, the population increased over 70 percent between 1900 and 1940,
and between 1930 and 1940, there was an increase of almost 9 million.
If the population of the world continues to increase at its present rate,
where is the food for these people to come from? The men and women
with knowledge of irrigation will be called upon to assist in the solu-
tion of this world problem. Desert or arid lands in Arizona, California,
Utah, Idaho, and Colorado, which are at present barren beeause of
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lack of moisture, may become highly productive. In Montana, wherc
dry-land farming, particularly wheat raising, is far more extensive than
irrigated farming, the State Board of Equalization report shows that an
acre of irrigated land is equivalent to 4 acres of non-irrigated, tillable
land.

4. Engineering and Agricultural Phases of Irrigation The engineer
has the responsibility of designing and building the structures essential
to the storage, diversion, conveyance, delivery, and distribution of
water to irrigators. It is important that irrigation structures be sub-
stantially built so that they may be relied on during eritical periods.
The failure of a storage dam not only causes the loss of large property
investments but sometimes also results in the loss of the lives of many
people. The washing-out of a diversion dam or breaking of a canal
causes the loss of all or part of the structure and very often the loss
of valuable crops by the failure of water when it is needed. Modern
irrigation demands that the engineer build structures economically.
Some projects are so situated that large quantities of water must be
pumped from rivers, lakes, or reservoirs in order to reach the land.
The design and installation of suitable pumping machinery are the
responsibilities of the engineer, The many outstanding irrigation struc-
tures in the world affirm silently but convincingly the skillful achieve-
ments of engineers,

A perplexing responsibility confronting the irrigation engineer is the
determination of the water needs and supplies for large areas of
irrigated land. Reliable predictions of the approximate water yield of
a river system from month to month and year to year are based on
measurements of rainfall, snowfall, and stream discharges for many
years. Unfortunately, the early estimates of water supply were fre-
quently too high and estimates of the water needs too low, with
disastrous results to many irrigation projects. Engineers have made
remarkable progress toward solving irrigation problems, but the op-
portunities for advancement are yet very great.

The agricultural phases of irrigation are essentially concerned with
the uses of irrigation water on the farm. Many more people are directly
concerned with the agricultural than with the engineering phases.
Fvery irrigation farmer must decide important questions eoncerning
his irrigation practice, and some of these questions have to be decided
each year—they cannot be decided once for all time. There are no
specific rules applicable to all arid-region climates, to all soils, and for
all crops, as to when irrigation water should be applied to the soil.
The seasonal depths of irrigation water required to produee crops
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economically under different climatic and soil conditions perplex many
irrigation farmers. ‘

Agricultural aspeets of irrigation include the determination, of the
proper depths of water necessary in single applications, how to dis-
tribute the water uniformly, the capacities of different soils for irriga-
tion water, and the flow of water in soils.

In order to make the most efficient use of water, the methods and
practices in irrigation must be based on the climatic and soil conditions
provided by nature in the locality concerned. The crops grown are
selected to some extent according to the elimatic conditions under
which the farmer works. Agricultural engineers and agronomists have
the opportunity and the responsibility of finding the neecssary facts
with which to aid the irrigator and answer corrcetly the many per-
plexing questions in the agricultural aspeets of irrigation.

5. Climate and Irrigation The snow, rain, wind, humidity, tempera-
ture, sunshine, and length of growing season all influence irrigation
practices. In some localities, such as parts of Arizona, California, New
Mexico, and western Texas, irrigation is practiced from 10 to 12 mo,
of every year and is essential to satisfactory crop produetion. In other
places, like parts of Montana and Canada, the rainfall during some
vears is so abundant that irvigation is of doubtful value, Irrigation s
fundamentally a practice of supplementing that part of the natural
precipitation which is qvailable for crop production. The amount of
water used in irrigation practice varies from place to place and from
time to time ag the natural precipitation varies. There are a few arid
valleys in which the natural precipitation is so small that it is of
negligible value in crop growth. As a gencral rule the moisture made
available by nature should be carefully conserved for the use of plants
and should be considered in estimating the irrigation necds of soils
and crops.

6. Soils and Irrigation The influences of s0il propertics on irrigation
praetice are of very great importance. As a rule the importance of soil
influences on irrigation practice is underestimated. Some soils consist
of coarse particles loosely compacted, and these are highly permeable
to water. Others consist of fine particles tightly eompacted, and these
are almost impermeable to water. Rescarch shows that some soils
transmit water several thousand times faster than other soils, The
permeability of a soil greatly influences irrigation practice. Highly
permeable soils tend to cause excessive water losses through deep per-
colation, whereas impermesble soils are difficult to moisten adequately,
Soils are also storage reservoirs in which irrigation water iz held be-
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tween the periods of irrigation for the use of plants. The size of soil
particles, their compactness, the depth of the soil, the organiec matter
it contains, and the position of the water table—all these soil properties
influence the depth of available water that the irrigator can store in his
root-zone soil In a single irrigation and hence influence the required
frequency of irrigation. The depth of the soil greatly influences its
capacity as a storage reservoir for water and the necessary frequency
of irrigation. Variation in size of soil particles, compactness, per- -
meability, and depth from place to place is the rule and not the
exception. There is no such thing as uniformity in natural soils. The
irrigation farmer finds it essential to study his soil carefully in order
to make his irrigation practices conform to the conditions of the soil
on which he desires to procuce crops profitably.

The irrigation farmer whose good fortune it is to be located on
highly productive soils with an adequate supply of irrigation water is
-usually successful in making a good living and meeting his irrigation
expenses. The farmer whose ill fortune it is to be located on poorly
productive soils is unable either to make a good living or to meet his
expenses. The productivity of the soil is often decreased from year to
yvear because of the gradual rise of the ground water followed by
‘salinity and alkali problems.

To assure a permanently profitable agriculture, the irrigation farmer
must intelligently consider the problems of soil maintenance, even with
the best arid-region soils. The experiences of farmers in the irrigated
sections of the United States seem to have established the fact that,.
to maintain a high productive capacity of soils, it is essential to apply
barnyard manure, plow under green-manure crops, and use other
fertilizers,



2
Sources and Storage of

Irrigation Water

Rain and snow constitute the primary sources of water for irrigation.
As a rule, the precipitation which falls on the valley lands in irrigated
regions is of comparatively little conscquence as a source of water;
that which falls on the mountain arcas is the ehicf source of supply.
The suceess of every irvigation project rests largely on the adequacy
and dependability of its water supply. In irviganted regions publie
agencies should make continuous long-time records of precipitation and
stream flow and ground-water storage as s basis for intelligent and
complete utilization of all water resources.

7. Precipitation and Temperature Water and heat are essential fo
the growth of all crops. In irrigated regions these two essentinls are
provided by nature at different time periods, In gencral, most precipita-
tion oeccurs during cold, non-crop-growing months and least precipitn-
tion oceurs in the frost-free months during which erop growth oceurs,
In some irrigated valleys, notably in Nevada and Culifornia, the
precipitation is so small during the season of most rapid plant growth
that it moistens only the surface soil and is soon cvaporated. The fact,
that the precipitation is low during the months of highest mean tem-
peratures is illustrated in Fig. 2, which reports average preeipitation
together with average, low, mean, and high temperatures for each
month at certain towns in Utah, Oregon, Nevada, and Culifornia,

8. Annual Precipitation Regions that annually reccive large amounts
of precipitation are known as humid; those that get small amounts
each year are considered semi-arid or arid. The annual precipitation oun
the surface of the earth varies widely—from zero inches in desert
regions such as Aswan, Egypt, to 600 inches or more at Assan, India,
Where the annual precipitation is 80 inches or more, irrigation may not
be essential to the growth of erops, However, in some Joealitics, such
as parts of the Hawailan Islands, irrigation is profitable in gpite of
8
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10 SOURCES AND STORAGE OF IRRIGATION WATER

the fact that these regions have large annual rainfall because the
heavy rains come during the non-growing season. In other areas, such
as the eastern United States, periods of drought during the growing
season sometimes cause serious decreases in crop yield, and provision
for irrigation during such periods is becoming increasingly profitable.

The average annual precipitation in the United States is shown in
Fig, 3, prepared from data collected by the United States Geological
Survey and the United States Weather Bureau. The map shows that in
going east from meridian 101 the average annual rainfall increases from
approximately 20 inches to 35 inches near the Great Lake states and
up to 50 inches or more in the southeastern states. In the castern parts
of the Dakotas, Nebraska, Kansas,
Oklahoma, and Texas, irrigation is
essential only during the dry
years, whereas in the westorn parts
of these states it is nearly always
advantageous, The map shows
that great variability exists in the
mean annual precipitation of the
western states. ITowever, all the
arable lands lying west of merid-
ian 101, except parts of western
Montana, Oregon, and Washing-
ton, are usually bencefited by
irrigation.

9. Valley and Mountain Precipita-
tion The rain and snow which
falls in the irrigated valleys of the
Tia. 4, A potential irrigation water West is valuable as a source of
supply found in the study of mountain Inoisture to be stored directly in
snow covers. (Utah Agr. Exp. Sta.) the goil, In some valleys the wintor

' precipitation stores enough mois-

ture to germinate the sceds and maintain the growth of the young
plants for several weeks. In these valleys, perennial crops also
make substantial growth in the ecarly season by using winter pre-
cipitation which has been stored in the soil. Other arid-region valleys
receive so little winter precipitation that farmers must irrigate the
80il before seeding their crops in order to insurc a sufficient amount
of moisture to germinate the seeds and start satisfactory growth, Such
valleys must depend almost wholly on the rain and snow that {alls in
adjacent mountain areas as a source of their supply of water for irriga-
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WATER-SUPPLY STUDIES 11

tion. As a rule, in nearly all irrigated regions, the valley precipitation
is relatively unimportant as a direet source of irrigation water. The
precipitation in the mountain areas, as illustrated in Fig. 4, constitutes
a major source of water supply. This condition presents to the people
ol arid regions very interesting and yet perplexing problems in the
conveyance of water from the mountainous sources to the valley lands.
It also gives rise to an urgent need for painstaking study of the seasonal
and annual water yicld of each mountainous area on which the rain
and snow fall. The vital problems which demand intelligent solution
a5 8 basis for complete and economical utilization of nearly all western
natural resources are inseparably connected with the water yield of a
watershed, its conveyance to places of use, and its economical use,
whether for power, irrigation, or domestic or industrial purposes. The
purpose of this volume is primarily to promote information essential
to the economical use of water in irrigation. However, there is urgent
need for a wider recognition of the fact that intelligent solution of
watershed-yield problems and of economical conveyance of water will
appreciably advance the general welfare.

10. Water-Supply Studies The accumulation of dependable informa-
tion concerning water supply demands intelligent and painstaking
endeavor and continuous effort. It is probable that inadequate water
supply has contributed most to the years of financial stress and ulti-
mate failure of many irrigation projects. Over-optimism and conclu-
sions based on insufficient knowledge of watershed yield have been
common and expensive follies among many leading western citizens in
both private and public places. Overestimates of water supply for
various projects are frequently reflected in the small areas of land
actually irrigated as compared to the area of land irrigated in the
original project. These overestimates have been made largely during
cycles of “wet” years and have been followed by disastrous results ‘
during cyeles of “dry” years. The occurrence of these climatic cycles,
which cannot as yet be predicted with precision, together with the
wide variations of precipitation and stream flow from one time of
year to another, complicates the problem of economically using all
~ the available water every year. Yet arid-region communities may
intelligently adjust their irrigation practices, to some extent, on the
basis of reliable information concerning water supplies. This informa-
tion is based on the measurement of water content of snow covers such
as illustrated in Fig. 5. To outline the nature of, and the procedure in,
the necessary water-supply investigations is beyond the scope of this
book. It is urgent that public officials be advised as to the vital im-
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portance of the problem, and that public funds be made available in
sufficient amounts to prosceute thorough investigations on every stream
system concerning the watershed yield and the supply of water for
further irrigation expansion.

Tia. 5. Maeasurement of water content of snow covers., (Courlesy Soil Consorva-
tion Service.)

11. Natural Streams During the early development of modorn irriga-
tlon in America, natural stream flow supplied all the water that was
needed for irrigation, The discharge of most natural streamms decreases
greatly during the late summer months when the largest supply of
water is needed for irrigation. This fact is illustrated by Fig. 6, which
gives the monthly discharge of three typical rivers in the Great Basin.
The mean monthly discharge of Logan River (Utah) for August is
only 12,000 acre-fect as compared to 48,000 acre-fech in June. The
average annual discharge, based on n 34-year period, is 228,000 nere-
feot,
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In order to use all the water of western streams for irrigation pur-
poses, the flood waters must be held in storage reservoirs until needed
on the land for irrigation.

12. Surface Reservoirs Many surface reservoirs have been built in
the West. The capacity of each reservoir is fixed by the natural condi-

Tre. 7. Government reservoirs like this one contribute to trrigation advancement,
(Courtesy Bureau of Reclamation.)

tions of the canyon or valley in which the water is stored, together with
a height of dam sufficient to store the quantity of water nceded and
economically available. These capacities vary from a few thousand
acre-feet for reservoirs on small streams, as shown in Fig. 7, to
more than 32 million acre-fect for one of the U. 8. Government’s new
reservoirs, shown in Fig. 8, Likewise, the dams constructed for irriga-
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tion purposes vary from a few feet in height, built at a low cost, to
massive masonry structures over 700 feet high and built at a cost of
several millions of dollars. It is estimated that nearly one-half of the
total annual water supply of the West is yet to be used for irrigation.
Of the one-half now used, probably 40 to 50 millien acre-feet is ob-
tained each year from storage reservoirs. Ultimately, when the total
annual water supply of the West is
applied to some 40 million acres
of irrigated land, probably two-
thirds or more of the supply will each
year be obtained directly from stor-
age reservoirs. Provision of the addi-
tional water-storage capacity will
necessitate the construction of higher
and more expensive dams than have
thus far been built. The time at which
these structures will be needed is
dependent largely on the increase in
demand for food products.

13. Underground Reservoirs In
parts of Arizonas, California, and
other western states, large volumes
of water occur in saturated coarse
gravels well beneath the valley land
surface. Pumping water from under-
ground sources is widely practiced ,
and is a well-established method of Fra. 8. The Boulder Dam showing
obtaining irrigation water. The lower-  spillway crest on Arizons side and
ing of the ground-water table which Lake Mead Reservoir in the back-
has followed extensive pumping for ground, - (Phatograph by authar,
pumping 1939.)
irrigation in some places has proved ‘
valuable as a means of drainage. In other localities the ground-
water surface has been lowered so much by irrigation pumping
that deepening of wells has become necessary. The lowering of the
ground water has increased the pumping lift and made the water so
obtained increasingly expensive. Reasonable lowering of the ground-
water surface each year, in a locality where conditions are favorable
for pumping, develops capacity for subsequent underground water
storage. ’
Systematic flooding of land surfaces overlying or draining into under-
ground reservoirs is becoming a recognized method of water storage.
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Fra. 9. Aerial view of San Antonio Creck debris fan with snow-covered Mount

San Anfonio in bhackground. In the foreground, to the right of the dingonal light

streak that marks the course of the slream, the white strips extonding from luft to

right represent rock dams which form terraced basins and hold the storm water.
(U.S.D,A, Tech, Bul, 578.)
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In areas dependent on pumped water for irrigation, or for other
purposes, the underground water supply can be increased by artificial
methods of recharging. This fact has been adequately demonstrated
in several western states, particularly in Arizona, California, and
Texas. A typical canyon debris fan with rock dams to retard flood
flow in terraced basins causing infiltration to recharge a California
ground-water basin is shown in Fig. 9.

Fra. 10. Soil placed against upper face of dikes retards flow of water through
them and encourages ponding of water from crest of lower dike to toe of dike nexf,
asbove. (U.8.D.A. Tech. Bul. 578.)

Rock dams, or dikes, with soil on the upstream face, form ponds like
the one shown in Fig. 10, from which the watcr percolates into the
pround-water reservoir to be stored until needed for irrigation during
the months of pumping.

To a limited extent the gravels under the higher lands may serve as
ground-water reservoirs, provided that the flow of the ground water
toward the lower levels is not too rapid. The question of the advisability
of spreading water over land surfaces during the periods of surplus
fow as a means of storing it for later use is one for which there is no
general answer, Local conditions determine the capacity of the ground-
water storage, the method, the percentage, the cost of water recovery,
and the feasibility of equitably distributing the water stored by
different irrigation interests. These and other, more detailed problems
demand attention in each locality as a basis for determining the
advisability of such storage.
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14, Soil Root Zone Reservoirs The soil rool zone in arid regions
varies from 2 to 6 feet or more in depth. Loam soils, for example, may
well average 5 feet depth and provide considerable storage capacity
for capillary water that may be absorbed by plant roots. As shown in
Chapter 9, the storage capacity of unsaturated soils for water in a form
available to plants ranges from 1 ineh per foot depth of soil up to 2
inches or more. To illustrate the importance of this capillary soil
water storage, not yet adequately used, the deep loam soils of the
irrigated lands on which winter precipitation is inadequate, if carefully
irrigated during the fall or winter months, may store millions of
acre-feet of water for use by plants during the carly crop-growing
season,

1B. Irrigation Efficiencies The desired attainment in diverting water
from natural sources for irrigation purposes is to produce the maximum
crops consistent with economie conditions, As a general rule, reduetion
of wastes, and consequent increase in effective use of natural resources,
including irrigation water, results in economical use, provided the costs
of reducing wastes are not excessive, Irrigation cfficiencies ean be
increased by reducing the losses of water in conveyance, delivery,
runoff, deep percolation, and cvaporation. With a given quantity of
water diverted from a river, the larger the proportion that is stored in
the root-zone soil of the irrigated farms and there held until absorbed
by plants and transpired from them, the larger will be the total erop
yield. {The expression rrigation efficiency is here defined as the vatio
of the Wwater consumed by the crops of an irrigation farm or project to
the water diverted from a river or other natural water source into the
farm or project canal or canals.ly

Let E; = irrigation efficiency, percent.
W, = the drrigation water consumed by the crops of an irrigation
farm or project during their growth period.
W, = the water delivered to the farms of a project during o given
period of time.

W, = the water diverled from a river or other natural source into
the farm or project canals during the same period of timoe,
W = the water stored in the root-zone soil.
Then
100W,
B, =—1° 1
‘ [’V'r ( )

The irrigation efficiency percentage is influenced by the water convey-
ance and delivery efliciency and the water applieation efficiency. When
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these efficiencies are increased, irrigation efficiencies also are increased.
In most irrigated regions, the irrigation efficiency may be substantially
inereased to the economic advantage of the communitics concerned.
Because of the many sources of loss of irrigation water between the
time and place it is diverted from rivers, and the time and place where
it is stored in the root-zone soil as water readily available to plants,
the irrigation efficiency on most projects is low, probably less than
33 percent.

Suppose, as an example of comparatively good irrigation practice,
that 40 percent of the water diverted is lost in conveyance and delivery;
30 percent of the water delivered to the farms, Wy, is lost as surface
runoff and deep percolation; 20 percent of the water stored in the soil,
W ,, is lost by evaporation, Then it follows that:

Wj = 0.6W7-
W, = 0.7W, = 0.42W,

W, = 0.8W, = 0.34W,
and

E; = lO\%Iff,, = 34 percent
As an example of rather poor irrigation practice, consider that 60
percent of the water diverted is lost in conveyance and delivery,
50 percent of the water delivered is lost as surface runoff and deep
percolation, 40 percent of the water stored in the soil is lost by
evaporation; then:

Wf = O-4W7-
W, = 0.5W, = 0.2W,

W, = 0.6W, = 0.12W,
and
100W,
W,
If these estimates are even approximately corrvect, indicating that
less than one-third of the water diverted for irrigation is consumed
by growing crops, it is apparent that serious consideration should be
given to increasing irrigation efficiencies.

E; =

= 12 percent
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Measurement of Irrigation Water

The efficient use of water for trrigation depends largely on measure-
ment of water. Incrensing utilization and value of available water,
and the growing tendency among irrigation compauies to base annual
water charges on the water used, make an understanding of the
principles and methods of water measurement necegsary. Information
concerning the relations of water, soils, and plants cannot be utilized
in irrigation practice without the measurement of wator.

To lacilitate student progress toward obtaining o clear understanding
of quantities considered, symbols used, units employed, and the basie
physical propertics of cquations preseuted in the text, a quantity
reference table is presentecd and referred fo in Chapters 3 to 12.

This table is designated Table QR. Tts uscfulness ig explained in
conneetion with the presentation and discussion of equations. This
table includes 38 items and 78 quantities. Closely related quantities
are grouped and presented under one item., For example, item 7 in-
cludes & quantities. Some of the symbols, such ag Jd and &, represent
several different quantitics and thus avoid excessive use of subseriptbs.

16, Units of Water Measurement The unibs of water measurement
are considered in two classes: fivst, those expressing a specifie volume
of water at rest; and second, those cxpressing a time rvate of flow,
The commonly used units of volume of water at rest arve the gallomn,
cubie foot, acre-inch, and acre-foot. An acre-inch is a volume of
water sufficient to cover 1 acre 1 in. deep, whiel is 3630 cu ft. An
acre-fgot of water will cover 1 acre 1 £t deep, and is equal to 43,560
cu ft.

The commonly used units of rate of flow are gallons per minute,
cubic feet per second, acrc-inches per hour, and acre-feet per duy.
The miner’s inch is also used, It is defined as the quantity of water
that will flow through an opening 1 in, square in & vertical wall under a
pressure head ranging from 4 to 7 in. Kach of the western states defines
the minet’s inch in terms of 1 cu ft per sec. Onc miner's inch is

20
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TABLE QR
Reprrence List or Warer MruasvrEMENT, CONVEYANCE,
Sor-Warer RELATION, AND ErriciENcY QUANTITIES, WITH
AmrericaNn Units AND Force-LeNeTa-TiME DiMensions®
American Force-
Ttem Quantity Symbols | Engineering [Length-Time
Units Dimensicns
F-L-T
1 Areas in irrigation and drainage:
a. Section of stream of water at
right angles to flow a sq ft Iz
b. Soil through which water flows a sq ft 2
¢. Land covered with water at any
time, ¢, while irrigating & border
strip A acres L
2 Atmospheric pressure:
a. As pressure intensity P psi F/I2
b. As a pressure head hp ft water or L
in. mer-
cury
3 Bed width of an irrigation canal,
or open drain b It L
4 Cirele of influence in ground-water
pumping, radius of. Also one-half
spacing of drains R ft L
5 Coefficients of discharge (dilferences
in usage are indicated by use of
the prime, €', C”, ete.) for ori-
fices and weirs ¢ ... /T
6 Coefficient of roughness or “retar-
dation factor” in turbulent water
flow N L
7 Depths in irrigation and drainage:
a. Root-zone soils D, in. or ft, L
b, Irrigation water applied d in. or ft L
c. Soil moistened D in. or ft L
d. Water flowing on a border strip y in. L
e. Water flowing in a canal d ft L
8 Diameter of g pipe or drain tile or
o capillary tube d in. L
9 | Full drain spacing distance S ft L
10 Efficiencies of:
a. Water conveyance K, percent; v
b. Water application E, percent | ......
¢. Irrigation i pereent | ......
d. Pumping plant E, percent | .....,.
11 Force on unit weight of water in &
pipe due to gravity and pressure
difference F b/ | ...
12 TFlow length of water in canal or
soil. Also, length of border
covered with water at any time l 6 L

*The quantities prescnted here for convenience of reference are defined where

first used. Some quantities considered in this bool are not listed here,



22 MEASUREMENT OF IRRIGATION WATER
TABLE QR (Conlinued)
American Torce-
Ttem Quantity Symbols | Engincering |Length-Time
Units Dimensions
13 Gravity:
a. Force per unit mass. Also ac-
celeration of gravity g b /slug L/T?
b. Component parallel to water
surface on each. pound Iy, b/l | ...,
14 Heads as used in hydraulies, irriga- :
tion, and drainage:
a. Hydraulic head (p/w)+z| ft L
b. Velocity head v%/2¢ fl L
¢. Pressure head n/w it L
d, Tension head he ft L
e. Iilevation head z ft L
J. Triction head in flow in canal
or in soil hy ft L
g. Discharge head for
(1) Weirs o ft L
(2) Orifices h it L
15 Heights of water in irrigation and
drainage
a. Lift by pumps h It L
b, Column of water in a capillary
tube or in an unsaturated soil
column h in. or ft L
¢. Water table above datum in
saturated soils H 1% L
d. Water surface in drain or at well
above datum h ft L
e. Submerged orifice opening,
height of H 6 L
16 Hydraulic radius: section area di-
vided by wetted perimeter 7 sq [t/f6 L
17 Hydraulic slope or gradient; loss of
head divided by low length hi/1 ({74 T I
18 | Infiltration rate of water into soil I in./hr /T
19 Lengths of:
a. Weir erest, measured L ft L
b. Weir crest, effoctive L ft; L
¢. Open or closed droin L ft L
20 Mechanical energy of water at any
point in a stream E fi=lb Lr
a, Per unit weight o ft-lh /1h L
b. Per unit mass B, f-1l /slug VAV A
¢. Per unit volume Ty ft-lb /eu Ft Iz
21 Moisture percentages in soils:
a. Weight basis P, percent | ......
(1) TField capacity Py, percent | ...,
(2) Wilting point Pup percent | ,.....
(3) Available capacity P pereent | ......
(4) Moisture equivnlent P pereent [, ., ...
b. Volume bagis P, percent
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TABLE QR (Concluded)
American Force-
Item Quantity Symbols | Engineering |Length-Time
Units Dimensions
22 Percolation rates of water into soil i
(See also infiltration) : I in, /hr L/T
23 Permenbility of soils to water—
velocity at unit hydraulic slope k ft/sec or L/T
in./hr or
ft/yr
24 Pore space or porosity in soils 8 pereent | ......
25 Pressures per unit area:
a. Compression poryp, |psi F/Lz
b. Tension { psi F/L2
c. Pressure differences (pa — p1) P’ psi F/L2
26 Quantity of flow of water Qorq | cfs /T
27 Space between drains 8 ft L
28 Specific gravity of water or soils:
a. Apparent (vol. wt.) A, ratie | ...,
b. Real Ry ratio | ......
20 Specific weight of water or soil w Ib/cu ft /LA
30 | Specific water conductivity of soils Tes sec or hr T
oryr
31 Surface tension T 1b/in. F/L
32 Temperature, mean monthly i degrees I | ......
33 Time rate of water application R cfg/ac /T
34 | Time water applied on a border
strip i hr Vi
35 Time water used for irrigation of
an area t hr T
36 Velocity of water flow, mean ? ft/sec /T
37 Viscosity of water, dynamie u 1b-gec/ft? FT/I2
38 Water and the farm: ]
a. Delivered to a farm or all farms w; ft/yr /T -
b. Runoff from the farm Ry ft/yr L/T
¢. Stored in the farm root-zone soil W ft/yr L/T
d. Consumed by each farm crop W.or U | in. or ft L/
per mo.
oryr
¢. Lost by deep percolation Dy ft/yr L/T
J. Diverted from river for farms W, ft/yr L/T

designated as Yo of a eu ft per see in southern California, Idaho,
Kansas, New Mexico, North Dalkota, South Dakota, Nebraska, and
Utah. In Arizona, northern California, Montana, Nevada, and Oregon,
1 miner’s inch is equal to 34, of a cu ft per sec. In Colorado 384
miner’s inches is considered equal to 1 cu ft per sec.

17. Velocity of Flow through an Orifice When the water-pressure
intensity inside the pipes of a domestic water system is high the water
flows out of an open tap at a high velocity, and when the pressure is
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low it flows out slowly. If the water pressure within the pipe were
exactly equal to the pressure of the air outside the pipe there would be
no flow. Pressure intensity at any point within a body of water with
a free surface is proportional to the depth of the point below the
water surface. The velocity of water through an opening in & vessel (or
in a wall built across a stream) which is far below the water surface
is greater than the velocity through an opening near the water surface.
In irrigation practice it is important to know just what the velocity
will be through an orifice at any vertical distance below the watey
surface. The basic physical law whieh determines the velocity of water
through an orifice is the same as the law which determines the velocity
of a falling body at any vertical distance below the point from which it
began to fall.

The velocity of a falling body, ignoring atmospheric friction, may
be determined by knowing the vertical distance through which the
body has lallen from rest. Likewise, the velocity of water escaping
from an opening (orifice) in & vessel, ignoring friction, may be doter-
mined by knowing the height of the water in the vessel above the
opening, Stated as an equation, this very important law of falling
bodies, as applied to the flow of water, is

v = V2h @)

where v = velocity in feet per second;
g = the acceleration due to gravity (or the force of gravity per
unit mass of water), which is 32.2 ft per sec per sec;
h = the depth of water in feet, or pressure head, causing the dis-
charge through the orifice.

If the vertical dimension of the orifice opening is very long, the
velocity of flow through the orifice will be appreciably greater near
the bottom of the orifice than near the top. For the purpose of this
discussion it is assumed that the orifice Lieight is so small as compared
to the pressure head causing the discharge that the difference between
veloeity near the top and near the bottom of the orifice is negligible.
To illustrate the use of equation 2 assumne that b in Fig, 11 =4 ft.

Then
v=YV2 X322 X 4 = 16.04 ft per sec

i.e., theoretically, water should flow through an orifice which is 4 fect
below the surface at a velocity of approximately 16 fect per sccond.
Owing to frictional resistance, the actual velocity is somewhat legs
than the theoretical velocity. |
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The quantity of water that flows through an opening, or in a channel,
is directly proportional to the cross-section area of the opening oL,
channel and to the velocity of flow. The basic rational equation for
quantity of fow is:

q=av : 3)
where ¢* = quantity of flow, cubic feet per second;
a = cross-sectional area of water, the canal or orifice, in square
feet;
v = the mean velocity, feet per second.

18. Discharge through an Orifice The theoretical discharge through
an orifice may be determined by substituting the value of v from
equation 2 in the quantity equation, ie.,

g = aV 2gh (3a) "

—_—

>

inflow pjpe

Fra. 11. Tlustrating the discharge of water through an orifice under a head, A.

If the orifice opening in Fig. 11 were 4 in. high by 18 in, long (per-
pendicular to the plane of the paper), the area would be

Experiment has shown that the actual discharge for standard orifice is
approximately six-tenths the theoretical discharge, so that the actual g
would be computed thus:

g=+5 X7 X =48cfs

* Table QR shows that the physical dimensions of q are I83/T; also that @ = .
L2 and v = L/T. Therefore, the product av = L2 X L/T = L3/7, which is q,
volume per unit time, .
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Finally, the equation for actual discharge through an orifice is
g = CaV'2gh 4)

in which O is a coeflicient of discharge determined by experiment. The
coefficient ' ranges from 0.6 up to 0.8 or more, depending on the
position of the orifice relative to the sides and bottom of the vessels
or of the water channel, and also on the degree of roundness of the
edges of the orifice.

Suppose that the height of the orifice is increased and that the water
surface is lowered until it drops below the upper edge of the orifice,

. |/ iy SR
— e e - = e L e e — - g
—_— - = - [ . e e - ~“

Inflow pjpe “m e s e e e e - - é
4 - - - - - = - = ,2
R
R o)

Fra. 12. Showing that discharge through a partly filled orifice iy similar to the
discharge over a weir,

as shown in Fig. 12. Then the pressure head in feet, which eauses the
average velocity, as represented by h of Fig. 12 is onc-half of the total
depth of water over the bottom edge of the orifice. The eross-section
area of the stream at right angles to the dircetion of flow is actually
less than the cross-section area of the orifice. The length of orifice
being 18 in. or 1.5 ft, the cross-section area of the stream is

o= 2h X 1.5 sq ft
or, representing the length of orifice by the symhbal I measured in feet,
, o = 20l sq It
Substituting this value of a in equation 4
q = 2CLhV 2gh = 2CLh*V'2g )

Since the acceleration due to gravity, g, is nearly constant, it is con-
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venient to represent the product 20V 2g by a single symbol, say €', and
then it follows that

g = C'Lh% (6)
Equation 6 gives the theoretical discharge of an orifice when the top
edge of the orifice is above the water surface.

19. Discharge of Weirs The term weir as used in measurement of
water is defined as a notch in a wall built across a stream, The notch
may be rectangular, trapezoidal, or triangular in shape. The orifice in
Fig. 12, when flowing partly full, is a weir according to the above

ey P

|
2H

Front view fooking ypstream

Fic, 13. A vrectangular weir with complete end contractions,

definition. In measuring the flow of water over weirs, it is convenient
and customary to measure the total depth, i.e., 2k of Fig. 12, Although
the total depth, as represented in Fig. 13 by the symbol H, does nat
represent the point in the stream of average velocity, it can be used
in cquation 6 by changing only the coefficient €. Substituting for A its
equivalent H/2 in equation 6 there results

H\* ('
¢g=C'L (2—) = o LH*
or . g =C" LE% (7)
14
in which* o' = %—

Equation 7 is the general form for discharge of rectangular and
trapezoidal weirs. Although, as shown abhove, it is based on the funda-

*Table QR shows that the length-time dimensions of C'/ for equation 7 are
L¥7L, By substitution, it follows that
8 ¥ 3
P_ = l_-‘_ LHI3S = £
T T T

and that equation 7 is homogeneous. ‘
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mental equation ¢ = av, the student should note that in using equa-
tion 7 the only measurements essential are those of length of weir
crest, L, and depth of water flowing over it, H. The velocity nced
not be measured directly. The cocficient C”, ordinarily represented

by C, has been determined by experiment by many workers, For
rectangular weirs it was early found by Francis to be 3.33, and hence

TABLE 1

Discrarar v Cunic FeeT rorR SepconD (Smconp-rEnT) PER Foor or LENaTh
oF Werr CRBST BY THE Francis Formurna: ¢ = 3.33 A%

1 2 3 la 28 3a 1b 2b 3b

Depth of Water | Dis- | Depth of Water | Dig- | Depth of Water | Dis-
or Head, I charge or Hoad, H charge or Hoad, I charge

in See- in Sec- in See-

ond-feet; ond-feet ond-feet

Feet | Inches (g) Teet | Inches @) Toet | Inches (q)

0.20 2% 0.298 0.55 6% 1.858 0.90 1043 2,843
21 2% .320 .56 6% 1.395 91 104% 2.800
.22 28 Bid .57 64 1.433 .92 11 2.088
.23 2 .867 .58 64§ 1.470 .03 115 2.980
.24 2 .302 .59 7% 1.509 .04 11 3.035
.25 3 416 .60 7% 1.547 .05 118 3.083
.26 3% 442 .61 7% 1.586 .90 11 3.132
.27 31 467 .62 T 1.626 .07 11} 3.181
.28 38 . 493 .63 7 1.665 .08 113 3.230
.29 3 520 LG4 TH 1.705 .09 114 3.280
.30 3 547 .05 7 1.745 1.00 12 3.300
.31 3 576 .66 78 1.785 1.01 12 3.380
.32 31 .603 07 8% 1.826 1.02 12% 3,430
.33 3 .631 .68 8% 1.867 1.03 12 3.481
.34 9% 660 .69 81 1,908 1,04 123 3.532
.35 A5 639 .70 8% 1.950 1.05 12} 3.583
.36 A% 719 71 81 1,992 1.06 124 3,634
.37 Ay 749 72 8k 2.034 1.07 1213 3.080
.38 A 780 73 84 2.070 | 1.08 | 1218 | 3737
.39 41k 811 74 8% 2,120 1.00 184 3.789
.40 41y 842 75 9 2.163 | 1.10 | 135% | 3842
.41 438 874 76 9% 2206 | 111 | 13 | 8.804
.42 5% 900 77 91 2.250 1.12 134% 3.047
.43 by 939 78 0 2.294 1.13 183-% 4,000
44 5% 072 79 0% 2.340 1.14 134 4.053
.45 53 1.005 30 9% 2.383 1.15 1343 4.107
.46 5; 1.039 81 0} 2.428 1.16 1318 4.160
.47 5 1.073 82 9ig | 2473 | 117 | uy | 4214
.48 54 1.107 83 944 2.520 1,18 144% 4.208
.49 51 1.142 .84 104 2.564 1.19 14 4.323
.60 6 1.177 .85 10% 2.610 1.20 14; 4.377
bl 0% 1.213 .86 10+% 2.660 1.21 14 4.432
b2 0% 1.249 .87 104 2.702 1.22 14% 4.487
.53 G 1.285 .88 10 2.749 1.23 14 4.543
54| 6 | s | 8o | w0ff | 276 [ 124 | 14f | 4508
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the widely used sharp-crested weir discharge equation
q = 3.33LH" (8) -
Equation 8 without modification applies accurately only to rectangular
weirs in which the length of weir is the same as the width of the
rectangular channel immediately above the weir, ie., weirs having
suppressed end contractions. For weirs having complete end contrac-
'tions, such as represented in Fig. 13, the effective length of weir crest,
L, is found from the relation
L=1L' —0.2H (9)
in which I/ = the measured length of weir crest. In actual use of equa-
tion 8 and other discharge equations, it is customary to compute tables
from the equation, using L = 1, and for many values of H. Table 1
gives discharge per foot of length of weir crest based on equation 8 for
values of H from 020 up to 1.24 ft. For example, columns 1 and 3
show that for a head H of 0.45 ft the discharge is 1.005 efs per foot
length of weirs having suppressed end contractions. The effective length
for a I~ft weir having complete end contractions, according to equa-
tion 9, is
L=100—02 X 045 =091 ft, and hence the discharge per foot
of measured length is 1.005 % 0.91 = 0.9145 cfs.*
An Ttalian engineer named Cipolletti long ago designed a trapezoidal
weir with complete contractions in which the discharge is believed to

Slope L horizonral fo 4 vertical

Front view jooking ypstream

T1e. 14. A trapezoidal or Cipolletti weir,

be directly proportional to the length of weir erest. For irrigation pur-
paoses this weir has some advantages. It has been widely used. The
equation giving the discharge is: :

g = 3.367LH% - (10)
In this weir the sides have a slope of 1 in. horizontal to 4 in. vertical,
as shown in Fig. 14. Aside from the small correction necessary. on

* To elarify understanding of equation 8, the student may compute discharges
per foot of length for other valnes of H and check with Table 1, .
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TABLE 2

Discaaree Over CirolnrrTy’'s TrAPEZOIDAL Wiin. For Various LeNorTus

AND HuApg, ForMUTA: ¢ =3.367LH%
Hend H Longth of Weir Crest in Feet
on Crost
1 1 2 2 3 3% 4 5 74 0| 12 | 15

In | In

Teet | Inches

Dischargo in Cubic Feet per Second

0.21 2t | 0824 | 049 | 0.05| 0.81 | 0.07( 1.13 1.30| 1.62 | 2.43| 3.24 | 4.05 4,80
.22 § 347 .52 .69 87| 1.04 | 1.22 1.30 | 1.74 | 2.01 | 3.47| 4.34 5.21
.23 1 .37 .86 .74 .93 A1 1.30 | 1.40( 1.86| 2.7 | 3.71 4,04 b.57
.24 ¥ 398 50 .70 .00 19 [ 1,39 1.58 1,08 2,07 3.06 | 4,05 5.04
.2b 3 421 .03 L84 | 1.05 20 147 1.68( 2,10 3.16 | 4.2t 5.20| .31
.26 3t 440 .67 80| 1,12 1.84 | 168 | 1,701 2.23) 3.35 | 4.40| b5.58 6.70
.27 3 AT2 Nl 04| 1,18 1.42 | 1.06 | 1.80 | 2.30| 3.564 | 4.72| 5.00 7.00
.28 3 400 6| 100 1.25 | 1.50 | 1.76 2,00 2.40| 3,74 | 4.00| o0.24 7.48
.20 % 520 79 L.05| 131 1.58 | 1.84 | 210 2.03( 3.94 | 5.20| 6.57 7.8
Rl ¥ 563 83| 1,11 1.38| 1.06 | 1.04 | 2.21 | 2,77 | 4.15 5.53 ) 6.02 8.30
.81 3 |....... L7 10| 145 1.74 | 2.03 | 2,32 2,91 | 4.3 | 581 7.260| B8.72
.32 P l-...... ROk 1,22 | 1.52( 1.83 [ 2.13 244 | 3.06| 4.57| 0.00| 7.02 0.14
.83 4 | DOl 1,28 1,00 1.01 | 2.23 255 3.1 | 470 688 7.08 0.57
.84 E S PRI 1.00 1.33 | 1,67 2.00 | 2.34 | 2.07| 3.34 | B6.01 0.07 | 8.3¢ | 10.01
.35 | S o 106 | 1.80 ) 174 | 2.00 | 2.4 2,79 | 3.40( 5.23] 6.07 | B8.71| 10.40
.38 100 | 1.45 | 1.82| 2,18 | 2.50 | 2.61 | 3.04 | 545 7,27 | 0.00 | 10,01
A7 1,14 | 1,62 | 1.80 | 2.27 | 2.0 | 3.03 | 3.7 | hK.08 | 7.68 | 9.47 | 11.37
.38 1.18 1.58 1.07 | 2.37 2.76 3.15 3.04 5.01 7.80 0.86 | 11.83
.30 1.23 1.64 | 2.06 | 2.40 | 2.87 | 3.28| 4.10| 6.15| 8.20| 10,25 | 12.30
AQ 1281 1,70 | 2.183 | 2.56 | 2.08 | 3.41 | 4.20 | 6.30 | B.62 | 10.66 | 12.78
4l 1,88 1.97 | 2,21 | 2.05| 3.00| 3.54| 4.42| 0.03 | 8.8¢ | 11.05 | 13,20
A2 1,87 1.83| 2.20| 2.75 | 3.21 3.07| 4.58| 0.87 | 0.16 | 11.40 | 13.75
43 142 1.00 | 237 | 2.8 332 3.80 | 4.75 | 7.12 ] 0.40 | 11.687 [ 14.24
A4 147 | 1,07 | 2.46| 2.05| 3.44 | 3.03 | 4.01 | 7.37 | 0.83 | 12.98 | 14.74
46 1,62 | 2.08| 2.65 | 3.05| 3.56 4.07| 5.08| 7.02| 10,16 | 12.70 | 15,94
.40 5% |....... 1.68 | 2,10 | 2.63 | 3.15| 3.08 | 4.20 | 5.25 | 7.98 | 10.50 | 13.13 [ 16.70
.47 E 3 T 108 217 2.71 | 3.26| 3.80| 4,34 | 5.42| 8.14 ] 10.85 | 13.56 | 18.27
.48 L S RN 1.08 | 2,24 | 2,80 | 3.36 | 3.02| 448 6.60| 8.40 | 11.20 | 14.00 | 16.70
40 I 1,73 231 2.80 | 3.406| 4.04| 4.02 | 5.77 | 8.00 | 11.56 | 14.43 | 17.32
.60 6 |....eh. 170 | 2.38 | 2.08 | 3.67 | 417 4.70 | 5.95 | 8.93 | 11,90 | 14.88 | 17.85
.51 13 2 184 | 246 3.07 | 3.08| 4,20 