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PREFACE TO SEVENTH EDITION

TrE first edition of “ Irrigation Engineering,” was a pioneer
in its field, and quickly took its place as the recognized stand-
ard therein, as indicated by its passage through six successive
editions.

At the date of the first edition and in fact, some time later,
the large irrigation works of engineering interest were mostly
in India and Egypt. Mr. Wilson’s familiarity with those works,
based largely on personal contact with them and their builders
and operators, gave the early editions of his work a special
value as contributions to western knowledge of this subject.

The subsequent activity in irrigation in other parts of
the world, especially in the United States, together with similar
developments in related lines of municipal water supply and
hydro-electric construction, have presented new problems and
evolved new solutions of old ones to such an extent that what
might almost be called a new science has been developed, requir-
ing different treatment. Moreover, social, political and eco-
nomic conditions in America are radically different from those
in the Orient, and this imposes very different conditions and
limitations upon the practice of irrigation engineering.

Sir William Willcocks, on his visit to America, said he was
accustomed to look upon the irrigation industry as one abso-
lutely dependent upon cheap labor like that of Asia and Africa,
and that his chief interest in examining American irrigation
was to learn how it was that irrigation could be practiced at
all in America. American irrigation practice therefore is
very different from that of India, and has been largely developed
quite recently.
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vi PREFACE TO THE SEVENTH EDITION

When the undersigned was requested to revise this work
for a seventh edition, he undertook the task under the handi-
cap of having his time very fully occupied by official duties,
without fully realizing the magnitude of the task.

The material of the sixth edition relating to sewage disposal
and irrigation and to.subterranean water supply has been
liberally used. A few other portions have been used in part,
and about 40 per cent of the illustrations have been utilized.
In the main the work has been rewritten and rearranged, and
much new material has been added. :

The principal difference introduced is the treatment of
soils, plant food, operation and maintenance, and other lines
of work where the duties of the irrigation engineer come in
contact with the irrigator, such as the preparation of land,
the duty of water and its application to the land. No attempt
has been made to treat these nor indeed any other branches
of the subject exhaustively, which cannot be done within the
limits of such a work as this. It is hoped the results justify
their publication, and will continue the usefulness of the work
so well pioneered by Mr. Wilson.

In writing and compiling this work much assistance has
of course been drawn from existing literature, and references
are made to the same at the ends of chapters, and in the text.

' A . P. D.
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IRRIGATION ENGINEERING

CHAPTER 1

INTRODUCTION

IRRIGATION is the artificial application of water to soil to
assist in the production of crops. Its most familiar form is
the sprinkling of lawns in both arid and humid regions, and the
contrast between the watered and unwatered lawns, even ina
humid climate, illustrates its benefits. Wherever practiced,
it is supplementary to the natural rainfall.

Scientific irrigation involves a knowledge of the available
water supply, its conservation and application to the land, the
characteristics and needs of the different types of soil, and the
requirements of the various crops to be produced.

In general, irrigation is most extensively practiced in arid
regions where agriculture without it is precarious or impracti-
cable, but it is also applied to lands of the semi-arid regions
to increase the yield, and to special crops in humid regions,
such as rice, sugar cane, lawns, garden flowers and vegetables.
In fact there are comparatively few regions so free from occa-
sional drouth that irrigation would not be profitable if it could
be cheaply provided.

The surface of the earth is composed of land and water,
the latter being roughly three-fourths of the area and not
habitable by man. Of the remaining one-fourth or land area,
more than half is either too cold or too rocky for cultivation,
and of the remainder the major portion is too arid for the pro-
duction of crops, and only in part useful for grazing or other
purposes. Even of the humid area, a very large part is in tropi-
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cal Africa and South America, ill-adapted to civilization and
development by means known at present.

Thus the area naturally available for cultivationis a very
small proportion of the whole, but can in places be increased
by artificially applying water to the soil where nature fails to
do this. .

An irrigated region has certain advantages over a humid
region in the production of crops. There is much advantage
in being able to apply the water at just the time and in just
the quantity needed, and to withhold it at will. The soils
of arid regions are apt to be better supplied with the mineral
plant foods which have not been leached out by excessive
rains, and the great promoter of life and growth, sunlight, is
more intense and constant in an arid than in a humid region.
If sufficient care and skill be applied to secure the full benefit
of these important advantages, the acreage yields under irriga-
tion may be made far larger than under natural precipitation.

History.—Agriculture by irrigation antedates recorded his-
tory, and is probably one of the oldest occupations of civilized
man; but the time and place of its origin are unknown. Vari-
ous countries in Asia, Africa, Europe and America exhibit
evidences of ancient irrigation works of prehistoric origin and
unknown antiquity.

The earliest records of Assyria, Babylon, Egypt, Persia,
India, China, and practically every country of antiquity, bear
testimony to ancient and well-developed practices of irrigation.

At the time of the Spanish conquests in America, extensive
and well-built irrigation systems existed, antedating the earliest
traditions of the peoples using them. Traces of such works
were found not only in South and Central America, but also in
Southern Arizona, New Mexico, Colorado, and California.

As a modern activity of the Anglo-Saxon race, irrigation
in the United States seems to have had its origin in the Salt
Lake Valley of Utah about the middle of the Nineteenth Cen-
tury at the present location of the city of Salt Lake. The early
settlers of California, Arizona and New Mexico extended the
previous practices of the Spaniards and Indians in those States.
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During the early history of American irrigation farmers and
groups of farmers naturally confined their efforts mainly to
diverting small streams upon adjacent valleys, where the slope
of the country and the topography was such as to make the work
easy and cheap. With the values of western land then existing
no expensive enterprise was practicable. Such development
proceeding for nearly half a century, widely distributed over
the arid region, irrigated in the aggregate a large area of land.
The farmers employed the cheapest class of construction and
seldom counted their own time in computing costs, which are
hence reported very low.

As land values increased and the easier projects had been
developed more and more difficult ones were taken up, sometimes
successfully and sometimes not. As the more difficult problems
were attacked, corporate capital and the district system were
employed and such projects as they could handle were gradually
developed. The inherent difficulties, however, did not admit
of much profit to the investor. In fact, in a majority of the
cases, the investors lost a large part of their capital,. to say
nothing of intercst and profits, and though the general benefits
in the development of the country were great and lasting,
the losses made it more and more difficult to enlist capital in
further irrigation enterprise.

Various National laws were passed from time to time to
encourage the irrigation of arid lands, the Desert-Land Act
and the Carey Act, with their various modifications, being the
most conspicuous examples, but all depending upon the invest-
ment of private or corporate capital for actual construction.
A great deal was accomplished under these acts in spite of the
great and growing difficulties.

The increasing difficulty of carrying out many large projects
led to the passage in 1902 of the Reclamation Act, with the
avowed object of enlisting National funds for the development
of projects not feasible by private, corporate, district, or State
enterprise.

The acts provided for the segregation in a special fund of the
receipts from the sale of public lands in the sixteen Western
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States, and the investment of this fund in irrigation works, to
be returned by the beneficiaries in small installments. Under
the operations of this act more than a million acres have been
irrigated, the reclamation of which would not have been feasible
for private enterprise for a long time if ever.

Extent of Irrigation.—The total area irrigated in various
countries is estimated as follows:

France............................ 6,000,000
India ............ ... ... ..., 40,700,000
Ttaly. .. ... 3,460,000
Russian Empire. . .................. 8,000,000
Java. . ... 3,000,000
Egypt. ... * 5,350,000
Japan........ ...l 7,000,000
Philippines.. - . ............ ... ... 130,000
Australia.......................... 450,000
Canada ........................... 400,000
Hawaii............................ 200,000
Argentina ......................... 1,000,000
Peru.......... ..., 640,000
Siam........ ... ool 1,750,000
United States. .. ................... 15,000,000

Total ........................ 93,080,000

In addition there are millions of acres irrigated in China
Algeria and other countries, probably increasing the total to
nearly 100,000,000 acres.

Returns of Irrigation.—The returns of irrigation vary greatly
with the soil, climate, degree of aridity, and the nature and
value of the crops which can be grown. Thus in the semi-
humid and humid regions irrigation may serve only as an
insurance on the crops by providing against possible deficiencies
in rainfall. In Utah and neighboring States where only grain,
hay, potatoes, and kindred crops can be grown, and water is not
economically handled, the returns from irrigation are far less
than in southern California and Arizona, where valuable citrus
fruits can be cultivated.
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Irrigation adds to the general wealth of the country by in-
creasing the amount of its agricultural products. It results in
the conversion of barren and desert lands into delightful homes,
and aids in the general development of the other resources of
the region in which it is practiced, as mining, lumbering, graz-
ing, etc. One of the great advantages of irrigation is that it
becomes practically an insurance on the production of crops.
Its practice may not be necessary in the semi-humid or humid
regions, but even there occasional drouths occur and crops
are lost. Where an irrigation system exists in. such cases,
it may be called into requisition once or twice in the course of
the year, and may save vast sums which would otherwise be
lost by the destruction of crops.

Malarial Effects of Irrigation.—In some localities, irrigation
has been denounced as a menace to the health of the community
because of the creation of swamps and their malarial effects.
From careful researches, both by a committee to the Indian
Government and by Dr. H. O. Orme of the California State
Board of Health, it appears that these evil effects have been
exaggerated, and may be avoided by more sparing use of water
and by proper drainage. Where the natural drainage is of
the best, the soil sandy or gravelly and open to a great depth,
the water used in irrigation sinks into the ground or drains
off, and the use of irrigation water does not breed malarial
mosquitoes. On the other hand, in low-lying, comparatively
level lands where the soil is heavy, the slopes slight, and the
underdrainage poor, it is undoubtedly true that irrigation
has developed various disorders, by raising the subsurface
water-plane, thus causing the water to stand in swamps or
stagnant pools, breeding malarial mosquitoes.

Malarial effects are not attributable directly to the results
of irrigation where economically and properly practiced, but
are frequently due to carelessly constructed canal works having
intercepted the natural drainage, thus forming swampy tracts.
When care is taken to irrigate economically land which has
such slopes and natural drainage as to prevent waterlogging,
no injurious effects will result from irrigation; furthermore
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when malarial influences are deveioped by irrigation their effect
is local, and can be corrected by drainage.

If wholesome water and not open-ditch water be provided
for domestic uses, prejudicial effects of irrigation are largely
averted. In such climates as will encourage its growth it
appears that the Eucalyptus globulus has proved beneficial
in mitigating the malarial effects of irrigation waters, chiefly
because of the great absorbing and transpiring power due to
its rapid growth. The destruction of mosquito larve will en-
tirely remove the source of malarial disorders.
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CHAPTER 1I
SOILS

ARABLE soils may be divided into four general classes with
respect to their origin:

(1) Residual; (2) Alluvial; (3) Eolian; and (4) Glacial.

1. Residual soils are the product of the disintegration of
rock in place under the action of air, moisture, frost and vegeta-
tion, all of which act upon most natural rocks. As moisture
and vegetation are most abundant in humid regions, residual
soils are there most general in consequence.

2. Alluvial soils are the deposits of sedimentation in bodies
of still water, and of flowing streams upon their banks by over-
flow, and by the accumulation of sediments in deltas at and
near their mouths.

3. Eolian soils are those which have been deposited by
wind action, and are common in the neighborhood of broad
shallow streams or lakes, whose fluctuating waters leave broad
bare stretches frequently exposed to wind action which removes
and redeposits the surface with a sorting result, different from
that of water.

4. Glacial soils are the deposits by glaciers of the products
of glacial erosion and some other agencies. '

All these classes differ widely in the methods and results
of the mixing process, but many soils are the products of two or
more of the agencies mentioned, and the original condition of
the soil is generally modified superficially by the action of wind
and rain.

here are generally certain important differences between

the soils of arid and humid regions, due to the difference of

humidity. In humid regions the abundance of moisture tends

to leach out the more soluble constituents of the soil, and the
7
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same cause promotes the luxuriant growth of vegetation, so
that the tendency is to remoye the soluble minerals, and to
accumulate vegetable mold. \ As most alkaline minerals are
highly soluble, and are hence easily leached out of the soils
of humid regions| and as the decay of vegetation produces
certain organic acids, there is often a resulting acidity of soil
in humid regions. \

In arid regioﬁs/ on the contrary, the lack of moisture leaves
the soluble minerals largely in the so’Ll/] These-soifsare- thereforef
likely to contain much larger percentages of the various salts '
of potassium, sodium, and magnesium, as well as the less soluble
phosphates, most of which are valuable plant foods.

The arid condition being unfavorable to vegetable growth,
the arid soils are generally deficient in vegetable mold, or humus,
and sometimes this must be supplied before the soil becomes
fertile} Most J.lka'line\sgl_ﬁ:hre soluble in water, and therefore
these Joccur more generally in arid than in humid regions, and
the soils of arid regions are more likely to be alkaline than
acid,jand the alkalies are sometimes present to an extent injuri-
ous to vegetation; an excess of the salts of sodium being especially
harmful.

5. Injurious Salts, or Alkali.—While the aridity of western
soils has its advantages in retaining the soluble salts in the soil,
and thus preserving the plant foods, it sometimes happens
that one or more soluble elements occurs in such abundance
as to be injurious to vegetation. This is most important in the
case of some of the so-called alkaline salts, as the carbonate,
chloride and sulphate of sodium, and a few other salts less
abundant and harmful.

Alkalies found in natural soils are usually composed of a
variety of salts, which possess widely different properties with
relation to plant life.

The most harmful alkali, and the one which becomes harm-
ful with the least quantity is carbonate of sodium, NazCOs.
This has caustic qualities, and in the presence of organic mat-
ter takes on a dark brown color, from which it is often called
“Dblack alkali.”
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Where the carbonates predominate, the presence of an
average of one-tenth of one per cent of alkali in the root zone
of any soil is disastrous to the growth of most useful crops,
and for the best results the quantity should be much less. A
somewhat greater quantity of chlorides and a still greater per-
centage of sulphates can be tolerated.

In general a soil having less than five-hundredths of one per
cent o1 soluble salts is acceptable, and one having more than
five-tenths of one per cent of soluble salts is infertile. Between
these limits, the fertility depends mainly upon the character
of the salts and of the soil.

Lyon and Fippin have compiled from analyses made by
the U. S. Bureau of Soils, the following percentage composition
of Various Natural Soils:

TABLE 1

YAKIMA VALLEY, WasH., | Boise VALLEY, | GREAT Forks | BILLINGS,

MEgabpow LanD IpAHO N. DaxoTa MoNTANA

Surface | Second | Third | Surface | Surface | Alkali |12-36 |Crust ?::;

foot foot foot foot | Deposit| Crust | ins. | 1in. .
101ns.
KCl.......|....... 5.6 7.8 8.1 1.8 1.8 | 5.5 ....]....
KgSO; .................................................... 1.6 21.4
K.CO;.. . 8.7 9.7 8.6 ..ol
NagSOq. .. .| oo oot 16.5 | 67.7 |.......]..... 85.6 | 35.1
Na,COy 66.9 | 13.9 6.6 | 41.6 I S RO trace | 7.3
NaCl.....|..coooo oo it 17.6 26.2 |..... 6 jtrace
MgSO¢. .. .|oeveee]eenni ot 8 6.2 | 41.5 [24.3 | 8.9 | 4.1
MgCl,. .... 13.3 |oeeeeei oo oot 9.2 |88 ....[.....
CaCl, ..... D S« PO P T PO P
NaHCO;.. . . ...... 36.7 | 45.3 | 31.3 .7 1.5 | 4.3 .7 |22.1
CaSOs.....| 9.1 1.9 6.2 .6 5.0 | 19.8 |[57.1 | 2.7 [10.1
Ca(HCOs)z.|. ......| 16.5 | 13.2 |.cooii]eeeiaiifoni]o o]t
Mg(HCOy)s/. ...... 12.6 & 70K T PRV PRV PR PPN PR P
KHCO:.... ..................... ) O SR A I P PEPIE

DeVries has shown that the presence of large amounts of
salts dissolved in the water in contact with the roots of plants
causes a shrinkage of the lining of the cells which, if persistent,
causes the plant to wither and die. In addition to this, the car-
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bonates of the alkalies have a corroding effect directly upon the
plant tissues. An excess of alkaline salts sometimes encourages
various plant diseases, and reduces the efficiency of tillage.

The various crops are differently affected by the presence of
alkali. Some -native grasses, as salt grass and sacaton, are
the most resistant, and of the cultivated grasses, timothy and
alfalfa are the most tolerant. Of the cereals, barley is the
most tolerant, and oats next. Sugar beets are more tolerant
of alkali than most other root crops and cereals.

The point at which alkalies become injurious is indefinite,
and varies not only with the crop, but still more with the char-
acter of the salt, the character of the soil and the presence of
moisture. When the water content of the soil is large the
dilution of the salt has an ameliorating effect, and as the soil
dries out the solution becomes more concentrated, and hence
more injurious. Clay and loam soils, by reason of their greater
water-holding qualities, may carry more alkali without injury
to plants than a sandy one.

In general the salts of sodium are more injurious than others,
carbonates are more injurious than chlorides, and chlorides are
more injurious than sulphates. Potassium, calcium and phos-
phorus are all valuable plant foods, and it is seldom that salts
of these elements are present in quantities injurious to vegetation.

Alkali is injurious of course only when it is in close contact
with the tissues of the plant, that is when present in the root
zone. The salts outside the root zone are harmless so long
as they remain there. An excellent fertile soil containing a
small percentage of alkaline salts may be ruined by the con-
centration of salts in the surface layers of soil by the prolonged
upward movement of water carrying the salts in solution and
its evaporation from the surface. =~ Wherever the water table
is raised by percolation from higher lands and brought within
a few feet of the surface capillarity does the rest, by establish-
ing an upward movement from the water table to supply the
draft of evaporation, and whatever salts the soil contains are
carried to the surface in solution, and left there as the water
evaporates. This concentration at the surface may be fatal
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to young plants whose roots are very delicate and are near the
surface, while older plants of the same variety may not be
injured because their rocts are deeper where the salts are less
concentrated, and because the older plants are more vigorous.

On the other hand, the rising water table may injure deep-
rooted plants before the salts are sufficiently concentrated at the
surface to Injure those of shallow roots, and thus for a time a
high water table may be fatal to alfalfa, while the cereals thrive
on the same ground. This condition is usually temporary,
however, as the tendency of a very high water table is to accumu-
late soluble salts near the surface.

On account of the wide variety of possible conditions affect-
ing results it is impossible to lay down exact rules governing
the amount of alkali that is injurious to vegetation. This varies
with the salt and the infinite combinations of salts, with the
crop, with the character of soil, with the moisture conditions,
and with some minor circumstances. Any rule must therefore
be regarded as only a general indication, and not an accurate
guide. The following may be taken as rough limits:

Sodium carbonate, Na2COs........... o.1 per cent
Sodium chloride, NaCl............... og “
Sodium sulphate, NagSOy4. ... ...... .10 ¢ ¢

If any of these salts exceed these limits some of the ordinary
crops will be injured and the soil is unsuitable for fruit.

Resistance to- Alkali.—The investigations of Loughridge and
others indicate relative alkali resistance of common crops
roughly in the following order:

1. Salt grass 10. Barley

2. Salt bush 11. Radish .
3. Date palm 12. Sunflower

4. Modiola 13. Bean

5. Sorghum 14. Pea

6. Sugar beets 15. Grape

7. Hairy vetch 16. Artichoke

8. Kafir corn 17. Olive

9. Alfalfa (old) 18. Gluten Wheat
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19. Carrot 30. Onion
20. Wheat 31. Pear

21. Orange 32. Goats’ rue
22. Celery 33. Canaigre
23. Almond . 34. Mulberry
24. Lupine 35. Prune
25. Rye 36. Peach
26. QOats 37. Apple
27. Fig 38. Apricot
28. Alfalfa (young) 39. Lemon
29. Potato

6. Remedies for Alkali.—Where a field once fertile has been
made sterile by the rise of ground water, bringing alkaline
salts to the surface, there is no effectual remedy except to lower
the groufid water by means of deep drains.

a. Leaching—If the condition is of long standing the alkali
may have accuriulated in the upper layers of the soil to such
an extent that the land remains infertile after the water table
has been lowered. Indeed the ground may then become still
more sterile, and plants growing thereon may die, since, as we
have already seen, a given percentage of alkali in the soil is less
harmful with abundance of water than under conditions of less
moisture. In such cases the soil must be leached of its super-
fluous salts. This is accomplished by first providing adequate
under drainage, and following this with copious irrigation,
keeping the surface layers of soil saturated with water for
protracted periods, so that there is a continuous downward
movement of gravity water which escapes through the drains.

—If this process is continued long enough it will effectually and
permanently remove the superfluous salts, and of course much
plant food at the same time.

The time required will depend upon the freedom with which
the water passes through the soil, the amount of salt to be
removed, and some minor conditions, so that no rule can be given,
but this should not consume more than one year, and under
some conditions, it may be possible to produce some shallow-
rooted crop at the same time.
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Once the salts are removed to a sufficient extent, one or two
years may be required to bring the soil to its original condition
of fertility. The water-logged condition and also the presence
of alkali operate to destroy the bacterial activities upon which
the formation of plant food depends, and time and tillage are
required to restore them.

b. Plowing.—Where soil containing only a moderate amount
of alkali has, through bad tillage, had this accumulated at the
surface to an injurious extent, advantage may be derived from
deep plowing, so as to bring fresh soil without excessive alkali
to the surface for the roots of the young plants, which will be
more vigorous and resistant by the time the roots reach the
alkali that has been turned under.

c. Growth of Suitable Plants.—Another practice from which
-benefit may be obtained where the excess of alkali is not great
is to plant crops that are tolerant of alkali and consume or ab-
sorb a considerable amount of it, and by repeated cropping
gradually remove excess alkali from the root zone. One of the
most effective plants which can be grown on slightly alkaline
soil is alfalfa, which when once established brings to bear the
action of~(-ieep roots and dense shade, and thus by repression
of surface evaporation tends to restore the soil to its natural
condition. Where mulching is practiced it is desirable
to grow hoed crops, such as beans, beets, potatoes, corn,
onions, and canaigre, choosing preferably the deeper-rooted of
these.

Experiments recently conducted by Mr. M. E. Jaffa indi-
cate that Australian salt-bush is likely to prove one of the most
desirable forage plants for growth on alkali soils. It is readily
eaten by stock, is nutritious, and has been successfully grown
on alkaline land which will produce no other crop. This plant
is remarkable for its productiveness and its drouth-resisting
power. It is prostrate in its growth, covering the ground with a
green cushion 8 to 10 inches thick, and thus effectually shading
it. It is perennial, and when cut soon reproduces itself from
the same root. Its yield per acre is very large, being about
the same as that of alfalfa.
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d. Muiching.—An excellent preventive against evaporation
from the soil surface and the consequent rise of alkali is
“ mulching.” A good mulch is a well and deep-tilled surface
soil, which is kept so constantly stirred that a crust is never
allowed to form. As a result evaporation is reduced to a mini-
mum, and the alkali remains distributed throughout the whole
of the tilled layer instead of as a hard crust at the surface
where the bulk of the damage is done. Large quantities of straw
produces also an effective mulch, since the straw keeps the sur-
face moist and enables the grain to germinate. The depth
or thickness of this protective layer is of the utmost importance
for thereby the surface evaporation is diminished. After a
proper plowing to a depth of, say, 10 to 12 inches, it requires
a long time for the salts to come to the surface again in suffi-
cient amount to injure the crop.

e. Gypsum.—Where the alkali is mainly carbonate of soda,
much benefit may be derived by the application of ground
gypsum or sulphate of calcium. This must be thoroughly
mixed with the soil, and the two salts mingling in solution in
the same water, in obedience to an elementary chemical prin-
ciple, perform the following reaction:

Na2CO3+CaS04 =Na2S04+CaCOs.

Forming Sodium Sulphate and Calcium Carbonate. The latter
is only slightly soluble in water, and is harmless. The sodium
is transformed into sulphate which is far less harmful than the
carbonate, and is more easily removed by drainage.

Experiments have been made by Prof. E. W. Hilgard which
prove the value of gypsum in neutralizing the *‘ black alkali,”
or carbonate of soda. In the case of this alkali mulching, deep
tillage, suitable plant-growth, or any other corrective except
gypsum is practically unavailing. Little benefit is to be expected
from gypsum in the case of * white ” or neutral alkali, which
does little harm, however, under proper tillage; but a soil
heavily tainted with black alkali can be rendered productive
by the use of a ton of gypsum per acre. This is more effective
when applied at the rate of about 500 pounds per acre per
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annum in connection with some seeding at the same time,
for the slightest growth aids in shading the ground and pre-
venting an injurious release of salts by evaporation. Gypsum,
however, cannot be used on alkali without water; its action must
be continued for several months and through two or three seasons;
it takes, moreover, several weeks before immunity is secured,
and therefore the dressing of gypsum should be applied in
ample time before the seeding; and thereafter the soil must be
well cultivated the gypsum plowed in, and water promptly
applied. :

The sovereign preventive and cure for alkali of any kind,
however caused, is deep drainage, supplemented if necessary
by copious surface irrigation, to produce a downward move-
ment of water from the surface to the drain.

Where alkali is accumulated at or near the surface, efforts
are sometimes made to remove it by heavy applications of
water, drained off by surface drains. Such efforts seldom yield
perceptible benefit, as the water that actually comes in contact
with the salt, enters the soil and remains there or passes down-
ward, while that which runs off the surface carries very little
salt.
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CHAPTER 1III1
SOIL MOISTURE

Most soils in humid regions, and many in arid regions
especially where irrigated, are permanently saturated with
water at certain depths, and the surface of the saturated mass
is called the * water table ”’ or the surface of ¢ ground water.”

1. Free Water.—When a soil saturated with water is
provided with perfect drainage, a portion of the water will be
drawn off by the action of gravity, and replaced by air. This
water may be called ‘ Free Water,” or * Gravity Water.”

2. Capillary Water.—The soil thus drained will still remain
moist, a considerable quantity of water being held by capillary
attraction in the finer pore spaces, and as films on the particles
of the soil. This is called “capillary ”” water; and varies in
percentage with the fineness of the soil, being more abundant
in clay and loam than in sandy soils. The space vacated by the
gravity water is at once occupied by air, so that with the gravity
water withdrawn and the capillary water remaining the soil
is well supplied with both air and water, which is a favorable
condition for the growth of ordinary plants. The capillary
water is gradually taken up by plants or evaporated, and unless
a new supply is furnished, the soil becomes what we call ¢ dry,”
and the plants wilt and die for lack of moisture.

3. Hygroscopic Water.—After the soil has been as thor-
roughly dried as possible without the application of artificial
heat, it still retains some water, called ‘ hygroscopic water ”
that may be driven off by a protracted application of heat,
after which the soil, when exposed to a moist atmosphere, will
reabsorb an equal quantity of water and still appear dry, and in
fact actually be dry so far as plant needs are concerned. The
hygroscopic moisture in soils varies with its texture, from 1

16
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per cent in coarse sand to nearly 1o per cent in clay, and still
more when certain salts are present. It is not available for plant
consumption and is properly disregarded in considering irriga-
tion needs. The soil must receive an appreciable addition of
water usually over 5o per cent above its content of hygroscopic
water, before any becomes practically available for plant use,
and every addition above this point makes it more and more
easily available; that is, it is more loosely held by the soil
particle, until a plenitude of moisture is reached called the
“ maximum capillary capacity,” after which additional water
flows off the soil particles under the action of gravity and
drops to lower levels or drier soil, or passes down to the water
table, as gravity water.

The capacity for holding capillary water varies with the
density of the soil, from about 12 per cent for coarse sand to
20 per cent for very heavy clay, averaging about 16 per cent
for loam.

The amount of capillary water held by the soil particle
before it becomes practically available for plant consumption
must exceed 1 per cent for coarse sand, 2 per cent for fine sand,
3 per cent for sandy loam and 4 per cent and over, for heavier
loams and clay. Even at these percentages, the water is taken
by plants slowly and with difficulty, and a larger quantity is
necessary for the best growing conditions. When the amount
of capillary water falls below these quantities, the plant begins
to show signs of distress, growth ceases, wilting begins, and
permanent injury or death will soon ensue unless water is
supplied. The point at which wilting begins in any given soil
is called the wilting coefficient of that soil. It is nearly the
same for all ordinary crops.

4. Capillary Movement.—Capillary water moves in any direc-
tion toward drier soil under the action of capillary attraction.
At the water table all the pore spaces of the soil are filled with
water. Just above this level, the soil is wet to its *“ capillary
capacity,” and the remainder of its pore spaces are filled with
air. The amount of capillary water held by the soil diminishes
from the water table upward at a rate uniform for uniform soil
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texture, and approximates zero at a distance above the water
table, depending upon the fineness of the soil particles, and
varying from about 1 foot for coarse sand, to 6 feet or over
for heavy clay. Its motion is extremely slow in clay, and
relatively rapid in coarse-grained soils.

Lyon and Fippin have given the rate and extent of capillary
movement for the various soils shown in the following table:

TABLE II.—EXTENT AND RATE OF CAPILLARITY

CAPILLARY RISE IN INCHES

Kind of Soil

15 1 2 1 3 8 13 19
min. hr. hrs. day days | days | days | days

Silt and very finesand..| 2.7 | 4.7 | 7.0| 20.0 | 30.0 | 45.0 | 52.0 | §6.0

Very finesand........ 7.6 | 10.0 | 12.4 | 21.0 | 23.0 | 26.0 | 27.5 | 28.5
Finesand ........... 90| 9.5 | 10.0| 11.6 | 13.0 | 14.3 | 15.2 | 16.0
Coarse and mediumsand| 5.8 | 6.o| 6.3 7.5| 9.0 | 10.0 | 11.5 | 12.5
Fine Gravel .......... 40| 50| 5.3| 6.4| 80| 9.0| 10.0] 10.8

Clay will give a greater total rise but at a slower rate than
any of the above results. Instances have been recorded where
water has risen by capillarity a total distance of 8 feet through
heavy clay.

Where water is applied in irrigation, the soil in proximity
to the water is, of course, immediately saturated, and the
gravity portion of the water seeks lower levels, under the influ-
ence of both gravity and capillary attraction. This movement
is rapid in coarse open soils like sand or gravel, but much slower
in loam or clay. The wetted soil retains a sufficient quantity
to satisfy its capillary capacity, and all the surplus continues
to sink, filling the soil to the capiliary capacity as it goes until
ground water is reached, when the surplus is consumed in raising
the ground-water table or passes away in whatever drainage
channels are available.

5. Optimum Water Supply.—The ideal quantity of water
for most rapid plant growth is that quantity that will just fill
the soil to its capillary capacity to the depth occupied or soon
to be reached by plant roots, without affording any excess to
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escape to the ground water table, or to the soil zone below the
reach of crop roots. All water that escapes to the water table
and passes off as drainage is usually wasted, carries with it in
solution more or less plant food, and may contribute to raise
the water table and produce seepage troubles. For these rea-
sons it is usually better to stop short of the complete capillary
saturation of the soil in the root zone than to risk the loss of
water, by excess application. It is generally not possible to
attain the ideal, for if the soil be charged to its capillary capac-
ity to the bottom of the root zone, and the water table be not
reached, the water will continue to descend under the combined
action of gravity and capillarity, and thus escape beyond the
reach of crop roots and leave the soil in the root zone with less
than its full load of capillary water.

At the end of each irrigation, the upper zone of the soil is
saturated to a considerable depth, and the gravity water in this
zone is slowly descending to lower levels. Evaporation from
the surface begins almost immediately, and the moisture of the
surface soil is soon reduced by the combined process to a point
below capillary saturation, and shortly after, an upward move-
ment begins of capillary water to supply the losses from evap-
oration from the surface. The zone of saturation is thus slowly
sinking in obedience to the force of gravity, and is also being
depleted by capillary action both upward and downward, and
unless an excess has been applied, the store of free or gravity
water is soon dissipated and distributed through the soil as
capillary water. Thus, after each irrigation, a condition is
soon reached, in which a narrow zone a short distance bélow
the surface is in a state of capillary saturation, and the per-
centage of moisture diminishes both upward and downward,
at a nearly uniform rate. If at this time the moisture at the
lower limit of the root zone is just a little above the wilting
coefficient, the water has been economically applied, and none
wasted. The water content of the soil decreases gradually from
this point by evaporation from the surface, and by plant con-
sumption and transpiration throughout the zone occupied by
plant roots.
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As the evaporation all occurs from the surface, the general
movement of moisture is upward soon after the supply of
gravity water is dissipated. The tendency therefore is to
accumulate the soluble portions of the soil at or near the sur-
face, where the pure water is evaporated and the solids are
left behind. It is important that this tendency be combated
by retarding evaporation through cultivation. When crops
are not cultivated, the evaporation from the surface may be
nearly as great as the consumption of moisture by the plants,
whereas if the soil is kept pulverized to a-considerable depth,
the volume of water taken up by the plants is 5 or 6 times as
great as that lost by evaporation, which hence becomes almost
negligible, and has little tendency to accumulate salts at the
surface, and this is overcome by necessary deep plowing.

Soil which is as dry as it can be made without artificial
processes still contains a considerable amount of hygroscopic
moisture adhering to its grain. The percentage by weight
which this bears to the weight of the soil is called the hygro-
scopic coefficient, and this must be increased at least 50 per
cent before it becomes available for sustaining plant life.

6. Wilting Coefficient.—The point at which vegetation wilts
and dies for lack of moisture is called the wilting coefficient.
The water available for plant consumption, therefore, is that
portion of the capillary water which it contains in excess of the
wilting coefficient. The water content of the soil upon which
a growing crop depends must never fall as low as the wilting
coefficient, nor be increased above the capillary capacity,
except temporarily.

7. Water Required.—The amount of water required for a
single irrigation depends on the character of the soil, the depth
to which it is desired to moisten it, and the amount of moisture
it already contains.

Prof. L. J. Briggs, Prof. Loughridge, Prof. Hilgard and
others have made a large number of observations upon the
hygroscopic and wilting coefficients of various soils, and a large
number of comparisons of these are condensed in the following
table, which gives also the capillary capacity, the available
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capacity or difference between the capillary capacity and wilting
point, and the total capacity for moisture for various soils:

TABLE III.—PERCENTAGE BY WEIGHT OF MOISTURE CAPACITIES
FOR VARIOUS SOILS

Hygro- .
. scopic | Wilting Capillary | Available] Total
Type of Soil Coeffi- C?eﬂi. Capacity | Capacity | Capacity

cient cieat
Coarsesand. ................. 1.0 1.§ 13 1.5 33
Finesand.................... 2.1 3.3 14 10.7 34
Sandy loam.................. 4.7 7.0 15 8.0 35
Fine sandy loam.............. 6.9 10.8 16 5.2 37
Loam........................ 9.1 13.4 18 4.6 38
Claysloam. ................... 11.8 15.0 19 4.0 40
Clay ...t 13.2 16.5 20 3.5 42

1

It will be seen from the above that if a loam of the type
above assumed is dried to the wilting point, it still contains
13.4 per cent of water by weight, and can retain by capillarity
4.6 per cent additional water, or about 4 pounds per cubic foot,
and it would require about } cubic foot of water to fill a square
foot of area to a depth of 4.2 feet to its full capillary capacity.
Such an application to very dry loam of the type assumed
would constitute a good irrigation. That is it would require
3 inches in depth applied to the land. -

Similarly, a sandy loam of the type given in the table would
require under the same circumstances about 75 per cent more
water, or a depth of about 5} inches; coarse sand would require
about 7} inches in depth, and clay would require a little less
than 3 inches.

Irrigation should always be applied before the soil moisture
reaches the wilting point throughout the root zone, otherwise
the plants will be severely injured or killed.



CHAPTER 1V
PLANT FOOD

THE essential mineral elements of plant food derived from
the soil are calcium, potassium, phosphorus, magnesium, iron
and sulphur. Other elements, equally important, are dertved
mainly from air, and water, or from decayed vegetation. These
are nitrogen, oxygen, hydrogen and carbon. Magnesium,
- iron and sulphur are used in very small amounts, and occur
in all natural soils in sufficient quantity to answer ordinary
plant needs, but most soils require for best results the occasional
artificial addition of some of the other .elements. Nearly all
the hydrogen, and most of the oxygen consumed by plants is
furnished in the form of water (H20).

1. Functions of Water in Plant Growth.—Water is the most
abundant constituent of the body of the live plant, and thus
forms a most important element of the plant’s food. In addi-
tion to this, it is the necessary vehicle for carrying in solution
all the other elements of plant food that are absorbed from the
soil by plant roots. and conveyed in solution to the various
parts of the plant for assimilation. Hence the vital importance
to the plant of having a constant and sufficient supply of water.
When the water has performed its function as a vehicle the
portion not required for food by the plant is transpired by the
leaves, and absorbed by the atmosphere in the form of watery
vapor.

The amount of water consumed by the plant in forming a
unit quantity of tissue varies widely with the character of
the plant and the available plant food. The results of experi-
ments to determine this are found in the following table:

22
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TABLE IV.—POUNDS OF WATER CONSUMED BY VARIOUS CROPS
IN THE PRODUCTION OF ONE POUND OF DRY MATTER

Lawes
and Hellreigel | Wollny King Widtsoe | Average

Gilbert
Wheat. ........ 225 359 e ... 1006 530
Oats........... . 402 665 §57 .. 541
Barley......... 262 310 774 393 e 435
Peas........... 235 292 479 447 et 363
Red Clover. ... 249 330 cee 453 ... 344
Com........... 233 272 387 297
Potatoes. ...... e . e 423 1440 931
Beans......... 214 262 ... A e 238
Buckwheat. .. .. e 371 664 e ... 518
Sugar Beets. .. . . 662 662
Alfalfa......... e e e e 970 970
Average. ....... 530

2. Mineral Foods.—Since the plant can take its food only
in liquid form it follows that soil particles to be available for
plant food must be soluble in water. All the chemical elements
are to some extent soluble in water, but they differ widely in
the rapidity of solution, and the amount that can be dissolved
by a given quantity of water.

All nitrates and most combinations of sodium and potassium
are readily soluble in water in considerable quantities, but even
these are strictly limited in the amount that can be dissolved
in a given volume of water, which is said to be ‘ saturated ”
when it can dissolve no more of a given solid. When such a
saturation solution is subjected to evaporation, the water
passes into the atmosphere, and leaves a portion of the dis-
solved mineral in excess of that which the remaining water can
hold in solution, which is accordingly deposited as solid crystals
of the mineral with which the water is saturated. At the same
time other miperals may be present in quantities below the
point of saturation, and these may remain in solution.

In general, nitrates dissolve in water rapidly and in consider-
able quantities. Sulphates, phosphates and carbonates are
soluble in less degree, and silicates still less so, except the
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alkaline salts, most of which are readily soluble. Nitrogen is
a rather inert element, having little chemical affinity for any
other elements. Hence in nature it exists almost entirely as a
free gas in the atmosphere, uncombined with any element.
Pure air is composed of a mechanical mixture of oxygen and
nitrogen uncombined chemically, in the proportion of 4 parts
of nitrogen to 1 of oxygen by weight. The oxygen is vitally
necessary to animal existence, while the free nitrogen, though
harmless, is unnecessary except as a dilutant. This inert
nitrogen, however, when combined with other elements, forms
some of the most useful and necessary foods, both plant and
animal, and in still other combinations forms some of the most
powerful acids and explosives. It has a constant tendency to
revert back to its atmospheric state, and hence the stores of
natural combined nitrogen are rare and limited. Their pro-
portion of the solid earth is negligible, and the existing
stores of nitrates are valuable as fertilizers and for other
uses.

When natural rocks are disintegrated and broken up into
fragments and soil particles, the more soluble portions are
gradually dissolved by the rains and pass off with the drainage
water. It thus occurs that the more soluble salts of sodium
and potassium are carried to the ocean and held there in solu-
tion in large quantities, while the silicates and other relatively
insoluble rock particles remain as soil. The sulphates, phos-
phates and carbonates of the non-alkaline metals being less
soluble than the alkaline salts, pass away less rapidly, but
being more soluble than the silicates of the same metals, have a
constant tendency to leach out and leave the silica and silicates
in the form of sand and clay to form the main constituents
of the soil. The tendency is thus in humid regions except in
swamps, gradually to deprive the natural soils of their mineral
plant food, a tendency existing in far less degree in arid regions.
Hence the soils of arid reglons are much richer in mineral plant
food than most of those in humid regions, but the latter are
generally better supplied with nitrates, contained in humus or
vegetable mold.
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3. Fertilizing Effects of Sediments.—The value of silt-bearing
water as a fertilizer is well known. In the valley of the Moselle,
France, on land barren without fertilization, the alluvial matter
deposited by irrigation from turbid water renders the soil
capable of producing two crops a year. In the valley of the
Durance, France, the turbid waters of that stream bring a
price for irrigation several times greater than that paid for the
clear cold water of the Sorgues River. It has been estimated
that on the line of the Calloway canal in California, land which
has been irrigated with the muddy river water, gives 18 per cent
better results after the fifth year than the same land which has
been irrigated with clear artesian water.

In the Nile Valley the turbid waters of the White Nile are
recognized as far more valuable than the clear waters of the
Blue Nile, on account of the fertility carried by the mud.

The fertilizing value of the silts of some of our southwestern
streams is shown by the following table, which compares their
fertilizing contents with the food requirements of a ton of
alfalfa:

TABLE V.—FERTILIZING VALUE OF SEDIMENT

PLANT Foop PER ACRE Foot
oF WATER

River -Date Authority

Phosphoric; Potash I Nitrogen
Acid 1bs. 1bs. | Ibs.

RioGrande . .......... 1893-94 31.4 325.5 24.40 | Goss
Salt River............. 1899-1900 | 10.§ 26.5 9.00 | Forbes
Colorado, minimum.. .. .| 1goo-1g901 2.26 16.3 1.03 | Forbes
Colorado, maximum. ...} 1900-1go1 | 43.56 | 444.6 69.70 | Forbes
1tonalfalfa...........0 ......... 16.7 33.0 42.00 | Goss
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CHAPTER V
WATER SUPPLY

ALL the water used by plants is precipitated from the
atmosphere as rain, snow or dew, which in humid regions are
sufficiently regular and abundant for crop production, but in
arid regions are sufficient only for the precarious sustenance of a
limited variety of grasses, shrubs and trees which have the
property of becoming dormant without dying in times of drouth,
and reviving and growing when sufficient moisture comes.

The groups and ranges of mountains in arid regions by
reason of their superior elevation have greater precipitation
than the plains and valleys, and thus become the sources of
such streams as occur, and the snows of winter falling on those
mountains serve as storage reservoirs, to hold the moisture -
until the warm days of spring and summer melt the snow and
swell the streams at the time their waters are needed for irriga-
tion upon the valleys which they traverse. These streams
constitute the principal source of water used in irrigation.

1. Causes of Rainfall.—Although meteorology is a rather
elusive science, much progress has been made in the study of
phenomena and some general laws regarding the cause and
distribution of rainfall have been evolved.

The capacity of air for holding water in the form of an
invisible gas is a function of its temperature. Warm air can
retain a large amount of moisture without any tendency of the
moisture to condense; but if the air be cooled sufficiently a
point will be reached.where the water begins to condense, and
separate as particles of vapor or cloud. At this point the air
is said to be. saturated, and the relative humidity is 100 per
cent. This critical temperature is called the dew point. The
particles of vapor are very minute, and they may float about

27
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as clouds, but if formed rapidly they usually coalesce into
large drops and fall as rain.

The principal causes that contrlbute to abundant rainfall
are:

1. Proximity to the ocean or other large body of water.

2. Mountain ranges, especially if their trend is at right
angles to the direction of moisture-laden winds.

3. Location on or near the track of cyclonic storms.

The North Pacific Coast combines all three tendencies,
resulting in a heavy precipitation.

The first condition is not always sufficient, as many islands
in the Pacific Ocean are arid, as is the Pacific Coast of Southern
California, Mexico and parts of South America.

The greatest rainfall usually occurs in belts where moist
winds from large bodies of water are forced to rise and pass
over mountains which forcibly cool them and condense their
moisture. Such conditions are most pronounced where a high
mountain range parallels an adjacent sea coast and is at right
angles to the direction of the prevailing winds. As the water-
laden air rises, the overlying atmosphere becomes less, thus
decreasing pressure, and allowing the elastic air to expand,
which in turn causes rapid cooling, condensation and precipita-
tion of the moisture. If the mountain range is high and exten-
sive, the process is proportionately complete, and as the winds
descend the leeward slope and are again compressed their
moisture-absorbing qualities increase and they produce arid
conditions unless the process is repeated by passage over a still
higher range. This process is well illustrated on our own Pacific
Coast, where the moist winds from the great ocean are inter-
cepted by the Coast Range, and a large part of their moisture
thereby precipitated. They pass over the Central Valley
which is thus left with less than half the quantity of rainfall
that falls on the Coast Range. Further inland the winds ascend
the high Sierras and leave on their summits about as much
moisture as precipitated on the Coast Range. Thus depleted
the winds again descend to the plains of the Interior, as an
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arid atmosphere, and the region is much drier than similar
altitudes west of the mountains.

Whatever the direction of the winds the general law of con-
densation, due to dynamic cooling, usually causes an increase
of precipitation with increase of altitude provided all other
conditions are similar. The following table from Prof. D. W.
Mead illustrates this law as manifested in the Vogesen Moun-
tains and also shows the erratic variations:

TABLE VI.—RAINFALL IN THE VOGESEN MOUNTAINS

Station Altitude, Rainfall, | "erease per
Feet Inches Altitudes
Seunheim.............c.coovuinnn. 900 32.28  [............
Thann..............cooiviiuien, 1100 38.19 3 inches
Weller........ooviiiiiiiiiin, 1260 55.90 1§ S
St.Amarin. ..o 1320 59.06 5.2
Wesserling. ............coeient.. 1400 64.18 6 ¢
Odern. ......covieveriinnennnnnns 1510 75.98 10
Wildenstein. . .................... 1870 99.21 6
. Mean 6.9 inches

This rule, however, must be accepted with great caution,
as there are numerous exceptions hard to explain, besides the
manifold differences traceable to topographic conditions. .

2. Types of Rainfall.—On the Pacific Coast of North America
the precipitation is greatest in winter and least in summer,
there being little or no rain from May to September. This rule
is reversed on the Great Plains, where June is the month of
greatest rainfall. A modification of the latter type prevails in
Arizona and New Mexico, where the greatest rainfall is in July
and August.

Pacific Type.—On the Pacific Slope there is a distinct
division into the wet and dry seasons, the wet season being the
winter and the dry the summer. In the northern part of this
belt, on the coast of Washington, Oregon and Northern Cali-
fornia, the wet season is long and the precipitation heavy,
averaging 70 inches or more per annum, and the dry season
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though shorter, is nearly or quite rainless. Passing southward
the precipitation becomes gradually less, the rainy season shorter
and the dry season longer, until at the Southern boundary of

8IERRA NEVADA

F1c. 4.—Diagram Showing Effect of Topography on Rainfall in California and
Nevada. After Hamlin.

F1c. 5.—Discharge of San Joaquin River at Herndon, California, 1goo.

California the annual precipitation averages less than 10 inches,
and the climate is distinctly arid, while still retaining the type
form of long dry summers, and short and relatively wet winters.
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F16. 6.—Discharge of Neosho River near Iola, Kansas, 19oo.

Fi16. 7.—Discharge of Boise River at Boise, Idaho, 18¢9.
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Rocky Mountain Type.—A contrasted type of precipitation
is less distinctly marked, but prevails with some variations
over most of the arid region east of the Cascade and Sierra
Nevada Mountain Ranges. Those mountains intercept the

8,500

8,000

2,500

2,000

1,500

1,000

F1c. 8.—Discharge of Salt River at McDowell, Arizona, 1899.

F1G. 9.—Discharge of Green River at Green River, Wyoming, 1899.

waterladen winds from the Pacific Ocean, and rob them of
most of their moisture during the winter when the temperature
is low enough to condense the vapors, but in late summer,
those winds pass over the heated valleys and mountain ranges
and carry their moisture further eastward, where the meteoric
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fluctuations cause many local showers and thunder storms,
and produce a pseudo-rainy season in the Rocky Mountain
Region in the months of May and June, while the winters are
drier than those of the Sierra Nevada Range. The precipitation
in winter usually occurs in the form of snow except in the plains
and valleys of the south and near the Pacific Coast, where
winter rains occur. The diagram, Fig. 10, after Prof. A. J.
Henry, shows several types of western rainfall, contrasted with
various eastern types.

In general the heaviest precipitation is in the mountains,
which in winter is mainly in the form of snow. Notable excep-
tions occur, however, and give rise to contrasting types of
stream flow.

3. Stream Flow.—Where the streams are mainly fed by
snow, they have a comparatively regular habit. The first warm
days of ‘spring melt the snow on the plains, and the advancing
season melts first the snow in the foothills ahd on sunny moun-
tain slopes, and as summer heat increases the melting increases
in rapidity and extends to higher altitudes and to more shady
slopes. Thus the streams begin to rise in early spring about
the time of seeding in the lower valleys, and continue to rise as
heat increases, culminating usually in June on most American
streams, declining as the reserve of snow diminishes, and reach-
ing extreme low water in autumn or winter. '

This process has temporary variations due to occasional
showers of rain, and to variations of temperature affecting the
melting of snow, which is accelerated by bright warm weather,
and checked by cloudy days. There is also a wide variation
in the snowfall from year to year, profoundly affecting the water
supply. A year of scanty snowfall not only furnishes a scanty
supply of water, but the shortage is likely to be concentrated
at the latter end of the flood season. That is, a scanty snow-
fall may furnish nearly as much water early in the season as a
year of abundance, but the small quantity of snow is sooner
exhausted, and the low-water stage arrives earlier in the season.

Where snowfall plays a small part or no part at all in the
flow of streams, which are mainly supplied by rains as some of
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the small streams of the south and southwest, the regimen
of the streams is far less regular than that of those dependent
on melting snow. Such streams constitute a second type
having a wide variety of characteristics and far less susceptible
of approximate prediction. The runoff fluctuates more, and is
characterized by high and low periods succeeding one another
in quick succession. For these reasons, a much larger storage
capacity in proportion to the total normal water supply is
required on such streams than on streams of the first type.

Streams of the first class, which depend upon melting snows
for their main supply, vary in habit, but to a less degree than
others. In general, since the flood season occurs entirely
in the season of irrigation, it is very favorable to agricultural
use, and a large proportion can be thus utilized without artificial
regulation. Examination of a large number of instances shows
the availability of from 40 to 6o per cent of the total supply
in normal years without storage, and that the full supply can
be utilized by a capacity for storage of about 40 to 6o per cent
of the total volume. This storage would be supplied from the
winter flow, and from the excess supply during the flood season,
usually May and June.

In planning the full utilization of a water supply, the close
‘'study of stream flow records necessary will show that there is a
large variation in the total supply from year to year, in the low-
water discharge, and also in the maximum flood wave that
must be reckoned with. Moreover, these quantities bear only
a very casual and uncertain relation to each other. For these
reasons, it is important that as long a record of stream flow as
possible be secured before final determination is made of the
possibilities of irrigation.

It will generally be found that the extreme low-water periods
and the extreme flood waves occur only at long intervals, and
it is usually unwise to limit development to the extent of fur-
nishing a full normal supply to the lands served in the rare
years of extreme low water, but rather to provide a full supply
during most years, and in the exceptional years of low water,
occurring only at long intervals, be content with 6o or 70 per
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cent of a full supply for a brief period. By more careful use
and better cultivation results can be obtained which will
approximate the normal, while the total development from the
stream will be much greater than if such limits were not
allowed. '

Where an enterprise depends largely on a stored water supply,
a threatened shortage is foreshadowed by a shortage in the
reservoir, and this, in conjunction with other available indi-
cations, serves as a warning of impending scarcity, and farm
operations can be modified accordingly.

For this reason it is admissible to tolerate a somewhat greater °

shortage in low years under a stored supply than if no storage
is connected with the enterprise. For the same reason, if the
conditions are such that the storage to be reasonably expected
comes before the beginning of the irrigation season in which
it is to be used, a somewhat greater shortage can be tolerated
than if dependence is placed upon the surplus of May and June,
which cannot be certainly known before the various farm
enterprises for the summer are well under way. But even in
this case there will be 30 to 6o days notice of a shortage, which is
. sufficient to avoid much wasted labor, and a few fields left
fallow on such occasions are not a serious loss.

In most irrigation enterprises the quantity, dependability,
and manner of occurrence of the water supply is of first
importance. This is sometimes obtained from wells either by
pumping or by artesian flow, which are treated elsewhere. The
great majority of irrigation systems obtain their supply from
natural streams, supplemented in some cases by reservoirs.

The stream or streams to be used should be carefully meas-
ured at each point of diversion and at each proposed reservoir
site.

Measurements of many streams of the West have been made
and published by the U. S. Geological Survey, and by some of
the State Engineers, but often these are lacking or must be
supplemented by stations located with special reference to the
plans of storage and diversion under study.

These measurements to be a safe guide must extend over

”
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several years, the more the better, and allowance must be made
for somewhat greater extremes than those shown by the records,
as it is highly improbable that any existing records show the
greatest extremes that ever have occurred or ever can occur.
The shorter the record the greater allowance must be made for
this purpose.

The misleading nature of a short record is shown by the
experience with the Conconully reservoir in Northern Wash-
ington, where a record of five years indicated a minimum annual
supply of 29,000 acre-feet, which was followed by seven years
" in which the maximum was 24,700 and in which there were two
years in succession of 19,220 and 15,860 acre-feet respectively.

4. Laws of Runoff.—Where it is necessary to study the
water supply of a given stream in the absence of actual meas-
urements or with a very short record, recourse is sometimes
had to formule for computing runoff from data regarding rain-
fall, evaporation, etc., which have been published from time to
time. Great caution should be exercised in employing any such
formula, as the working data for this use is generally inaccurate,
and it is impossible to allow properly for the variations from the
complicated conditions upon which such formule are based.
It is necessary to especially emphasize this caution, as the formule
or rules referred to are sometimes promulgated with a confidence
that has no adequate foundation.

- The runoff depends not only upon the rainfall and the drain-
age area, but also upon a multitude of other conditions many of
which are variable, and none of which can be accurately deter-
mined within reasonable time and cost. The chief elements
affecting the runoff are the following:

a. Drainage area tributary to the stream above the point
of diversion. This can be determined with practical exactness
wherever the topographic divide is definite.

b. The Rainfall.—This varies widely in different years, and
in corresponding months of different years, and in different
parts of the basin in such an erratic manner that it can be only
roughly approximated in a large basin by ordinary feasible
methods. It is seldom that in a new country a record suffi-
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ciently detailed and reliable for use in a computation of runoff
can be had.

¢. The Character of Rainfall.—A slow drizzling rain is more
apt to be absorbed and later to evaporate than a driving storm
which runs off quickly before absorption. This factor varies
with every storm, without law, and it is impossible to define
the different varieties. The absorption and residual runoff
also varies with different conditions of moisture in the soil.
When rain falls on a dry baked surface it is not readily absorbed,
and largely runs off. The same storm falling on the same sur-
face, moderately moist, is more easily absorbed and the runoff
is less. If the soil becomes saturated, however, the absorption
ceases, and the rain runs off.

d. Evaporation.—This differs widely from day to day and
from year to year with weather conditions, and especially with
presence or absence of moisture to evaporate, and the varying
relation of that moisture to the atmosphere.

e. Topography.—Steep slopes increase runoff, while gentle
slopes encourage absorption and evaporation.

Jf. Soil.—Bare rock or clay or a covering of thin soil over
rock or clay is favorable to heavy runoff, while a deep sandy soil
favors absorption and subsequent evaporation. A given basin
may present a great variety of soil conditions.

- g. Geologic structure affects total runoff by sometimes
carrying absorbed water under ground to adjacent drainage
basins. This influence is sometimes very important.

h. Vegetation—Other things being equal vegetation retards
runoff and subsequent evaporation. It also transpires a large
amount of water through its leaves, and this varies widely
with the character and density of the vegetation, and with the
weather.

The impracticability of expressing .accurate mathematical
relations for so many and such erratic and indeterminate fac-
tors is obvious; and the attempt to apply such relations to a
different basin with different conditions borders on the absurd.

A knowledge of the area of the drainage basin from which
the water supply is to be drawn, and of the rainfall at various
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points in the basin extending over many years may, if intel-
ligently studied, and interpreted by some actual measurements
of the stream, sheds some light on the probable runoff, but can-
not take the place of actual records of stream flow extending
over a series of years.

A long record of stream flow of undoubted accuracy on a
stream draining a basin adjoining the one in question, and
similar in area, altitude and topography, may be available
and of great value as indicating probabilities, but even this
should be used with caution, and can by no means take the
place of actual measurements of the stream in question.

Great caution should also be exercised in considering the
reports of old inhabitants regarding the annual occurrence of
great flood discharges, as these are likely to be exaggerated
both in magnitude and frequency. Such floods make deep
impressions on the average mind, while the years that glide by
without them attract less attention, and are easily forgotten.

5. Subsurface Water Sources.—A part of the water which
falls on the high regions soaks into the soil and entering the pores
and seams of the rocks passes slowly along under ground to the
lower regions, where some of it reappears as springs and some is
recovered by means of wells.

Where the water-bearing stratum is overlain by tight material
of great thickness, preventing the escape of the water to the
surface, the pressure of the water from the hills upon that in the
lower parts of the stratum may become considerable, and by
piercing the overlying impervious strata by drilling machinery
an outlet is furnished for the confined water and under the
influence of the accumulated pressure it rises to the surface,
forming an artesian well, which sometimes discharges its water
with great force, depending upon the pressure. The great
majority of wells, however, do not flow at the surface, but to
be used must be raised by pumping.

Irrigation by means of wells is well adapted to individual
effort, where conditions are favorable, as the construction of a
well is often within the means of an individual, and the area it
will irrigate no greater than he can control. The aggregate
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area thus irrigated is very large in India, and has possibilities
of great development in this country, although now relatively
small as compared with the acreage irrigated from streams and
reservoirs.

The water which enters the earth by percolation either
from rain or from canals, reservoirs, or irrigation finds its way
through the soil to some lower level where favorable geologic
structure enables it to again reach the surface, or ultimately
reaches a level which is comparatively saturated. The surface
of this zone is called the water table, and varies greatly in depth
below the ground surface in different localities. Its total
amount is enormous.

a. Rate of Percolation.—This ground water is exceedingly
slow of motion, both in porous sands and in the hardest rocks.
It is known also that this ground or seepage water flows more
freely at high than at low temperatures. At a mean depth of
6 feet below the surface perhaps one-third more water will
flow in sand in the warmest than in the coldest part of the year.
Among the most important conclusions on this subject are those
of Mr. Allen Hazen, which for closely packed sand saturated
with water are expressed in the formula

h(tFahr.+10°
v—cdzi(—ro >,
where v is the velocity of the water in meters daily in a solid
column of the same area as that of the sand, or ap-
proximately in million gallons per acre daily;
¢ is a constant factor which present experiments indicate
to be approximately 1oc0;
d is the effective size of sand grain in millimeters;
h is the loss of head;
l is the thickness of sand through which the water passes;
¢ is the temperature (Fahr.).

The formula can be used only for sands with coefficients
below five and effective sizes from o.1 to 3.0 mm., and with the
coarser materials only for moderately low rates.

Mr. Hazen publishes a table in his book showing the rela-
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tive quantities of water at different temperatures which passed
through experimental filters. Taking as unity the quantity
passing at 50° F., 0.70 passed at 32°and 1.35 at 71°; or for every
three degrees increase in temperature the quantity of water
passing increased by 5 per cent. In the above the effective
size is the size of grain such that 10 per cent by weight of the
particles are smaller than this. The uniformity coefficient
is the ratio of the size of grain which has 6o per cent of the sample
finer than itself to the size of which has 10 per cent finer than
itself.

An idea of the slowness of flow of ground water may be had
from the studies of Mr. N. H. Darton, who places the rate of
motion in the sands of the Dakota formation at a mile or two
a year. A French engineer gives the same rate, or an eighth
of an inch a minute. In Arizona a rate of one-fourth of an inch
a minute, and in Kansas three-eighths inch a minute, have been
estimated. At Agua Fria, Arizona, the measured rate of flow
of ground water in creek gravels having 28 per cent voids was
4 feet a day. :

A thin film of water is held on each particle with extreme
tenacity by a force called, “ surface tension,” and where the
particles are fine the force of capillarity is also strong. In
addition to this, the spaces between the particles are so narrow
and tortuous that water cannot move through them except
with great friction and extreme slowness. Experiments with
the “ permeable ” materials of the North Dike at Wachusetts
Reservoir gave the following rates of percolation through a
cross section of 1000 square feet, with a water slope of 10 per
cent: ‘

TABLE VIIL—PERMEABILITY OF SOILS

Material Gallons Ratios
1. Soll. ... 51 1
2. Veryfinesand................. 720 " 14
3. Finesand .................... 9,000 176
4. Mediumsand................. 400,000 784
5. Coarsesand................... 2,200,000 4,353
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The experiments of Slichter on various soils, upon the veloc-
ity of water at a temperature of 50 degrees, flowing upon a
gradient of 100 feet per mile, gave results shown in the following
table, comviled by Fortier:

TABLE IX.—VELOCITY OF PERCOLATION

VELociTy
Kind of Soil Diam. Grains
m.m.
Ft. per Day Mi. per Yr.
Silt. ... o.or1 0.004 0.0003
0.04 0.059 0.0041
Very finesand................... 0.03 0.092 0.0064
0.07 0.181 0.0125
Finesand....................... o.10 0.369 0.0255
o.15 0.832 0.0575
Mediumsand.................... 0.25 2.305 0.1504
0.35 4.520 0.3125
Coarsesand..................... 0.50 9.224 0.6377
0.65 15.57 1.077
0.8 23.02 1.633
Finegravel...................... 1.00 36.90 2.551
. 3.00 332.10 22.960
5.00 1067.00 | 63.770

From the above it will readily be seen that unless a well can
be made to tap an extensive bed of coarse material, no large
yield of water can be obtained from it.

7. Artesian Wells.—According to the common use of the
term, an artesian well is one from which water flows at or above
the surface of the ground. A broader meaning is any well
in which the water rises considerably above the stratum to
which it was confined before being relieved by the construction
of the well. The former is the more generally accepted as well
as the more practical definition.

In order that water may rise in a well to the ground surface,
it must be under pressure, and so confined between relatively
impervious deposits, that it can more easily escape through
the well than elsewhere.
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If a stratum of sand, sandstone, gravel, or other porous
material is confined between relatively impervious strata of
rock or clay, and is so inclined that one part of the open material
is exposed to rain, and another part is depressed in the form
of a basin, the water entering at the upper edge will percolate
down the slope of stratification and accumulate in the basin,
and place the water in the lower levels under such pressure as
corresponds to the hydrostatic head of the water above it. If
now the overlying clay be perforated by a boring, the water
will rise in the bored well to the same height as the source from
which the pressure is derived, and if this is sufficient to force
the water to the surface, we have a flowing well.

The accompanying diagram, Fig. 11, illustrates the geo-
logical conditions of an artesian basin.

F1c. 11.—Ideal Section Illustrating Condition of Artesian Wells.

If the layer of sand be penetrated by a well drilled at D,
the water will rise to a height regulated by the pressure of the
water in the sand above the locality where the well reaches it.
"~ The source of the water that rises in artesian wells is mainly
the precipitation on the edges of the pervious beds where they
come to the surface. In some instances the porous beds are
charged in this way at their outcrops, hundreds of miles from
where the water is liberated by drilling wells.

The height to which water rises in an artesian well, or, the
height to which it would rise in a tube open at the top, if prop-
erly attached to the well, is termed the “ artesian head.”
This is illustrated in the waterworks of towns, where the water
rises in the distributing pipes to the same level as the surface
of the water in the reservoir from which it is drawn.

Cases also occur of what are termed incomplete artesian
basins, where an inclined bed of open material as sand or
gravel thins out at its lower edge, and the impervious strata
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above and below approach each other. This is illustrated in
Fig. 12.

It will be noted that stratification and porosity are two neces-
sary conditions and therefore massive, unstratified, crystalline
rocks such as granite, schists quartzites and diorites, which are
not porous, and are never underlain with porous stratified rocks,
do not present favorable conditions for artesian wells. Where
such rocks are exposed or occur near the surface of the ground,
the prospects for artesian water are poor. The original bedding
of such rocks has been generally obliterated by the changes
they have undergone, and there is no succession of pervious and
impervious layers.

Fi1c. 12.—Ideal Section Illustrating Thinning Out of Water-bearing Stratum.

The condition of a flowing well depends on whether the
pressure is sufficiently great to force the water above the sur-
face. Frequently the water will reach within but a few feet
of the surface, when an ordinary well or shaft can be excavated
and the water pumped to the desired height. In many other
cases the pressure is such that the water spouts forth from the
well under pressure to considerable heights. In the San Gabriel
- and San Bernardino valleys in Southern California and many
other regions, it has been found that after a number of wells
have been sunk each additional well affects its neighbors by
diminishing their discharge. There thus comes a point in the
sinking of wells when the number which can be utilized in any
given area or basin is limited.

a. Examples of Artesian Wells.—Some great wells have
been sunk in different parts of the world. The celebrated Grin-
nell well in Paris commenced with a 20-inch bore and is gradually
reduced to an 8-inch bore at the bottom; its depth is 1806 feet,’
and its yield has been as great as 1.5 second feet. A well has
been bored in the neighborhood of Wheeling, West Virginia,
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to the great depth of 4500 feet, but is dry. At Sperenberg,
near Berlin, is a well 4170 feet deep, and at Schladabach, near
Leipsic, is a well 5740 feet in depth. In St. Louis is a well
which reaches a depth of 3850 feet, about 3000 feet below the sea-
level. In San Bernardino and San Gabriel valley in Southern
California and in the upper San Joaquin valley in the neighbor-
hood of Bakersfield are some extensive artesian areas, and
great artesian basins are found in the neighborhood of Waco,
Texas, Denver, Colorado, and the James River valley and the
neighborhood of Huron in the Dakotas.

b. Capacity of Artesian Wells.—The capacities of flowing
wells are relatively small as compared with the volumes of
water required in irrigation. Of the thousands of wells
reported from the arid region comparatively few are of sufficient
capacity for use in irrigation. The great majority range from 100
to 200 feet in depth, from 2 to 4 inches in internal diameter, and
discharge rarely as much as o.1 of a second-foot; though this
volume, if stored in a suitably located reservoir, should irrigate
a small farm. On the other hand there are, especially in
South Dakota and Southern California, some very large flow-
ing wells. In the former State there are reported to be at least
twenty-five wells with discharges ranging from 1 to 6 second-feet,
and in Southern California about thirty wells of similar capacities.
The largest well in South Dakota delivers continuously about
6.68 second-feet.

c. Storage of Artesian Water.—An artesian well for irrigation
should if possible be on the highest point of the land to be
irrigated, and in such a position that it may be outside of and
tributary to the reservoir in which the water is to be stored.
Since artesian wells flow continuously during twenty-four
hours of the day and three hundred and sixty-five days in the
year, it is desirable to store as much of the water which flows
during the non-irrigating period as possible, in order that the
greatest duty may be gotten from the well. The volume flowing
continuously from almost any well is usually too small to enable
it to flow over the land in sufficient volume for the purposes of
irrigation, so that a necessary adjunct to nearly every well is a
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storage reservoir of greater or less dimensions. In the case, how-
ever, of a well which discharges about 1 second-foot, or enough
to irrigate 100 acres from unstored flow, such a well may be
made capable of irrigating several times this area if the water
flowing at other times than the irrigating periods can be stored.
Small reservoirs, sufficiently large to retain only enough water
to produce the requisite head for flowing over, may be built as are
watering-tanks on railways, or they may be cheaply excavated
in the highest ground on the farm and properly lined. Larger
ones may be constructed by making use of the natural configura-
tion of the country and building a dam across a hollow or
ravine.

d. Size of Well.—The yield of a well does not depend entirely
upon its size. A 6-inch well will not necessarily discharge
more water than a 3-inch well—perhaps not as much. The
amount of flow depends directly upon the volume of the water-
bearing strata and the pressure due to its initial head or source.
Providing this is sufficiently great, then the discharge of the well
is dependent on its diameter. Other things being equal, a large
well will cost more to drill, but will be more easily and cheaply
cleaned and kept in operation than a smaller one, which is apt to
clog. Further, during and after drilling an accident may ruin a
small well, while a larger one may be recased with diminished bore
and still remain serviceable. For purposes of irrigation it may
in general be said that a well less than 4 inches in diameter should
not be drilled, and it is probable that one with a bottom bore
greater than 8 inches will not be economical.

Nearly all wells which terminate in soft rock, sand, or gravel
discharge more or less of these materials. To prevent this from
clogging the well it is not uncommon to place perforated pipe in
the bottom of the well through the water-bearing stratum. There
are many styles of such pipe, but in general it may be stated that
pipe with circular perforations of uniform diameter is not the
most serviceable, as it is apt to become clogged. Some of the
patented perforated pipes with slots having less aperture on the
outer than on the inner surface are preferable. In some cases
experience may show that it is not desirable to insert perforated
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pipe, but to let whatever comes to the well be discharged and
collected in the storage reservoir.

e. Manner of Having Wells Drilled.—There are many respon-
sible firms who make a business of drilling and boring artesian
wells, and for those who are unfamiliar with the business of
well-sinking it is better to contract with some such firm to
perform the work required. On the other hand, the sinking of
a well is not a difficult operation for those who have any idea of
the process, though by contracting they are certain of having
the well sunk as they desire, within a fixed price, and are relieved
of the risk of accidents.

In the oil and gas regions the drilling of wells to tap oil- and
gas-bearing strata, which is a process entirely similar to that
of drilling wells for water, is a matter of every-day occurrence,
and nearly all who desire to sink wells perform the work on a
sort of half-contract system. The principal apparatus com-
prises an engine, boiler, carpenter’s rig, and set of drilling tools,
and the common practice is for the owner to provide all except
the tools and fuel and let the drilling of the well at so much a
foot to a contractor who furnishes these and does the work of
putting down the well.

J. Varieties of Drilling-machines.—Wells may be drilled
by various methods, among the chief of which are by cables,
poles, and hydraulic process. Provided the well is to be drilled
by contract, it is of little importance what method is employed,
since the contractor is responsible for the proper completion
of the work, and the style of rig is a matter for his own choice.
In the Dakotas and some other of the plains regions it has been
found that wells drilled with pole machines have proved most
- satisfactory and performed the cheapest work, aside from the
amount of-time taken in coupling and uncoupling the rods. In
the oil-and gas-bearing regions cable machines are most popular.
There are many patterns of hydraulic, jetting, and rotargy rigs
which are adopted by different well-boring firms. The latter
are dependent upon a rotary motion given to a piston-rod working
by hydraulic power and turning a tubing with cutting edge. In
hydraulic jetting machines, which can be used cheaply only in
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gravel or sand, there is employed a short drill-bit having a hollow
shank through which a jet of water is forced from pipe rods,
thus creating an upward current which carries out the drillings.
Some of these hydraulic and jetting machines have met with
remarkable success. '

The chief advantage of pole rigs over cable rigs is in the
certainty of the revolutions given to the drill, as the rods form
a rigid connection between the drill and the machine above,
and the motion is uniform in the direction of tightening the
screws of the joints. This tends to preserve the connection,
and keep the drill under perfect control. Cable rigs are chiefly
preferred because of the ease with which they can be operated
and the speed with which the tools can be lowered and removed
and the bailing apparatus substituted in their place. The chief
disadvantages as compared with the pole rigs is in the greater
friction produced by the corrugated surface of the cable, the
uncertainty as to whether the striking bar reaches the bottom
of the drill, the likelihood of cutting or bending the cable, and
the danger of breaking under the strain when tools become fast.
As the cable is rotated both to the right and left there is also
liability of uncoupling the joints at the tools, and there is a pos-
sibility that the cable may not produce the proper rotation in
the drill, and thus not bore the hole truly circular. There are
now on the market a number of excellent portable well-drilling
rigs, both of the old reliable walking-beam type (Fig. 13), and
also jetting and hydraulic rotary rigs. These can frequently
be purchased outright at prices which will render them cheaper
than any other method of having wells drilled.

g Process of Drilling.—The general process of drilling
consists in having a long, heavy drilling-bar, the lower end of
which is dressed to a cutting edge, which is dropped into a hole
in the rock and by its weight cuts or breaks the stone where it
strikes. At each blow this rod is turned a little, thus making
the hole round. The drill is hung from the end of a cable or
series of jointed poles which are raised and dropped by machinery.
After the drill has worked for a short time it is removed, and
the drillings, or small pieces of rock which have collected in the
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bottom of the hole and deaden the blow of the drill, are removed.
This is done by pouring water in the hole if it be dry, and the
fluid mud thus formed is lifted to the surface by a long, narrow
bailer with a valve at its lower end. These operations of drilling
from 3 to s feet, then cleaning out the mud and drilling again,
are alternated until the desired depth is reached. If casing
or lining is to be introduced and the hole is not drilled truly

Fic. 13.—Portable Artesian-well Drilling Rig.

cylindrical, it is reamed out by a steel tool of desired diameter,
weighing about 125 pounds and attached in place of the drill.
The apparatus which goes to make a drilling-machine com-
prises an engine and boiler of about 20 horse-power, a set of
drilling-tools, and cable or poles. These latter are generally
spoken of as the rig. It is also necessary to provide tubing or
casing to line the well through such permeable strata as might
cause the loss of water or through such strata as may provide
water which is undesirable for the purposes required. It is some-
times necessary to line wells with tubing throughout their entire
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length, and in such cases it is usual to begin with a large bore, say
8 inches, and after sinking this to a given depth, say 200 or 300
feet, to reduce the diameter of the tubing by an inch or two.

The “ set of tools ”’ which compose the drill—for the latter
is not a solid bar, but several pieces—weigh about 2500 pounds,
and consist of a steel “ bit ”” or ““ drill,” of the size of the bore
desired, screwed into the lower end of the “ auger stem,” which
latter is a steel rod 30 feet long and 3 inches in diameter. To
the upper end of this are screwed “ jars,” and above them the
“ sinker-bar,” which is 15 feet long and 3 inches in diameter,
and of stecel. The jars by slacking together in falling cause the
sinker-bar to act on and through them to the drill as a hammer.
The term “ rig ”’ generally includes, in addition to the set of tools,
the woodwork and necessary iron fittings forming a derrick to
carry a sheave at a sufficient height, perhaps so to 8o feet, to
swing the drilling-tools clear of the ground; also, both wheels
and shaft on which the drill cable is wound; the sand-reel for
winding up the smaller rope used in cleaning out the drillings;
a walking-beam to give vertical motion, and a band-wheel for
transmitting power from the engine to the moving parts.

After the engine has been started and the walking-beam is
made to rock up and down at the rate of 20 to 30 strokes a minute,
lifting the tools with it, the length of stroke being adjustable
from 15 inches to 3 feet, the rope is then twisted by means of a
stick, first in one direction for a while and then in the opposite
direction alternately. This twisting of the rope turns the drill,
and the driller who handles the rope knows by the “ feel ” how
the tools are working, the texture of the rock, and the occurrence
of an accident. Occasionally the temper and set-screws are
turned out a little, thus lowering the tools. After the drilling
has gone on to a depth of 4 or 5 feet the tools are hoisted clear
of the floor, the bull-rope swung off to one side, and the bailer
or sand-pump is swung over the hole from the sand-reel, and
is allowed to drop by its own weight, and upon reaching the
bottom is filled with mud and sand through the valve at its lower
end and is then drawn up and emptied; this process being
repeated if necessary to clear the hole before drilling is again
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resumed. The rate of drilling depends partly upon the character
of strata encountered, but averages from 15 to so feet per working
day.

A method of deep-well construction employed in California
and known as the stovepipe method is admirably adapted to
conditions where the material to be drilled consists of coarse
débris. Casing from 10 to 14 inches in diameter is put down,
reaching in one instance to 1300 feet in depth. A starter is used
consisting of a length of 15 to 25 feet of No. 10 riveted sheet steel
with a sharpened steel shoe. The remainder of the casing above
is of No. 12 sheet steel in lengths of only 2 feet, each following
section being smaller than the last so as snugly to telescope for
1 foot of length, thus forming a double shell of stovepipe casing.
This is sunk by the ordinary oil-well type of machinery, the casing
being forced down, however, by hydraulic jacks. After the well
is sunk a cutting knife is lowered into it and vertical slits are cut
in the casing opposite water-bearing strata.

The advantages of these methods are: absence of short fragile
screw-joints; flush outer surface which does not catch in clay or
projecting rocks; its elastic character permits it to adjust itself
to obstacles and stresses; its cheapness for large sizes of casing;
the short sections permit the hydraulic jacks to force it down;
the ability to perforate the casing at any depth with a large size
of perforation inside.

The cost of such wells averages about $1 per foot for casing;
$40 for the starter; and for the drilling 50 cents per foot for the
first 100 feet, thereafter 25 cents-additional for each succeeding
so feet.

h. Capacity of Common Wells—The supplying capacity
of common wells is frequently increased considerably by irriga-
tion. As water is applied to the soil through a period of years
the subsurface-water plane rises, and it may be reached at lesser
depths than previously. In this way irrigation water may be
used over several times; by pumping it from wells it may find
its way by seepage back to the streams, from which it may be
again diverted. The capacity of surface or common wells
depends on the degree of fineness of the water-bearing stratum,
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fine-grained material yielding water more slowly and of less
amount than coarser material. The yield also depends on the
head or depth below the surface of the water-table at which
the flow takes place; also upon the size and shape of the exca-
vation and character of the well walls or casing. The yield
is directly proportional to the freedom with which the water-
bearing material permits the movement of water, and also to the
head or depth by which the water-table is lowerdd. Of a series
of wells across the Rio Grande valley near Las Cruces, N. M.,
those near the river, in fine compact deposits of the valley bottom,
have a small yield compared with the greater capacity of wells
some distance from the river, under the mesa foot in the coarser
mountain débris. If the well is shallow, increasing the diameter
increases the flow; but if deep and relatively small in diameter,
as a pipe, increasing the diameter does not appreciably increase
the flow.

The extent to which common wells may be used as a source
of supply for irrigation is not appreciated in the United States,
where as yet irrigation is practiced only in a large way and
irrigators are but just coming to a realization of the advantages
of intensive cultivation, whereby but a few acres are worked by a
single farmer, but in the most thorough manner possible. In a
few portions of the Far West, notably in Central and Southern
California, where Italians and Chinamen are engaged chiefly
in market-gardening, wells are employed to some extent for the
supply of water. In such cases the water is raised by one of
several processes, chiefly by windmills, and by mechanical lifts
worked by horse-power, and similar to the Persian wheel of
Asia.

It is to India that we must look in order to gain an idea of
the extent to which wells may furnish irrigation water. In the
Central Provinces of India 120,000 acres are irrigated from wells.
In Madras 2,000,000 acres are irrigated from 400,000 wells.
In the Northwest Provinces 360,000 acres are irrigated from
wells. Some of these wells are sunk to depths as great as 8o
to 100 fect, in some cases through hard rock, and are capable
in ordinary seasons of irrigating from 1 to 4 acres each. These
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wells may really be said to supplement irrigation from canals
and reservoirs, for after the waters of the latter have been used
and have seeped into the soil they are caught by the well and
are again used for irrigation. Thus wells as an adjunct to
canals may be said to add materially to the duty of the latter.

8. Tunneling for Water.—Tunnels are sometimes driven in
sloping or sidehill country to tap the subterranean water-
supplies. These are practically horizontal wells, differing from
ordinary wells chiefly in that the water has not to be pumped
to bring it to the level of the surface, but finds its way by gravity
flow to the lands on which it is to be utilized. Near the Khojak
Pass in India is a great tunnel of this kind. This is run near the
dry bed of a stream into the gravels for a distance of over a mile.
The slope of its bed is 3 in 1000, its cross-section is 1.7X 3 feet,
and its discharge about g second-feet. The Ontario Colony in
Southern California derive their water-supply from a tunnel 3300
feet in length, run under the bed of San Antonio creek through
gravel and rock. Its cross-section is 5 feet 6 inches high,
3 feet 6 inches wide at bottom, and 2 feet wide at top. It
is partly timbered and partly lined with concrete, having weep-
holes in the upper part of the tunnel. Its discharge is about
6 second-feet. The supply from several subtunnels has been
such as to average nearly 10 second-feet per linear mile of tunnel.

The Spring Valley Water Company which supplies San
Francisco, California, has recently made some of the most
extensive developments of water from subsurface sources yet
recorded. One bed of gravel in a stream valley having an area
of 1200 acres absorbs practically all the drainage of 300 square
miles. Into these gravels were sunk g1 wells which yield 36
acre-feet of water per day. Another similar bed has been
developed by drifting over 14,000 feet of tunnel 5 feet 6 inches X
5 feet 6 inches with nearly as great a length of smaller branch
tunnel. Into this drain several hundred driven wells (Fig. 14)
which yield over 45 acre-feet of water per 1ay.

a. Underground Cribwork.—Submerged cribs were planned
for the American Water Company on Cherry Creek in Colorado,
and have been used by the Citizens’ Water Company on the
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South Fork of the Platte River in Colorado. The former enter-
prise contemplated a submerged open crib sunk in the gravel
bed of Cherry Creek, and resting on blue clay which is 73 feet
below the surface of the stream, rising to a height of 70 feet,
with its crest 3 feet below the bed of the stream. This was not to
be a dam, but to stop the movement of that portion of the sub-
surface water which might enter the cribwork. It would consist
of timbers 14 inches in dimension at the bottom, decreased to 8

F16. 14.—Subterranean Water Tunnel and Feed-wells: California.

inches at the top, placed 4 feet apart across stream, and planked
on both faces with interstices of 3 inches on the upper face.
The water caught in this cribwork was to be pumped to the
surface.

The Citizens’ Water Company develops the underground
waters of the Platte River by means of a series of gathering-gal-
leries, consisting of perforated pipe and open cribwork laid at
a depth of from 14 to 22 feet below the surface of the gravel bed
of the stream. The cribs (Fig. 15) are 30 inches square, and
about a mile of these have been built running up the bed of the
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stream, besides about a mile of perforated pipe 30 inches in
diameter. The average daily yield obtained by these galleries
is nearly 10 acre-feet of water, which is led off through the pipes
by natural flow.

9. Other Subsurface Water Sources.—Earth waters may be
gathered for irrigation by other means than springs, common
or artesian wells, or tunnels. In the dry beds of streams
in California submerged dams have been built which reach to
some impervious stratum and cut off the subterranean flow, thus
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F16. 15.—Gathering-cribs, Citizens’ Water Co., Denver.

bringing water to the surface. In portions of the plains region,
especially in Kansas, subsurface supplies have been obtained
by running long and deep canals parallel to the dry beds of
streams or in the low bottom lands and valleys. These canals,
acting like drainage ditches, receive a considerable supply of
water and lead it off to the lands. It may be generally stated
that the amounts of water to be derived by such means are
very limited and do not approach those claimed by the advocates
of so-called * underflow.”

10. Character of Water.—Practically all waters found in
nature contain some dissolved mineral matter. Spring and
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well waters usually contain more than surface storm waters.
and those of the arid region more than those of humid regions
This follows from the fact that the soils of arid regions contain
more soluble salts than those of more humid climes, because
the latter have generally been more thoroughly leached.

Cases are numerous -where small streams fed by mineral
springs carry injurious salts in such quantity as to be unfit
for irrigation, and to seriously impair the quality of rivers into
which they flow. The amount of mineral which water may
carry and still be suitable for plant consumption depends of
course on the character of the salt, and in general the salts
of sodium are most to be feared, in the order of carbonate,
chloride and sulphate. .

As a result of his investigations in northern Africa, Mr.
Thomas H. Means states that the amount of soluble matter allow-
able in an irrigation water has been greatly underestimated, and
that many sources of water which have been condemned can be
used with safety and success with proper precautions. The Arabs
in the Sahara he says sometimes grow vegetables with water
containing as high as 8oo parts of soluble salts to 100,000 parts
of water, sometimes 50 per cent of the salts being sodium chloride.
The Arab gardens consist of small plots 20 feet square, between
which are drainage ditches dug to a depth of about 3 feet. This
ditching at short intervals insures rapid drainage. Irrigation
is by the check method and application made at least once a
week, sometimes oftener. A large quantity of water is used at
each irrigation, thus securing the continuous movement of the
water downward, permitting little opportunity for the soil water
to become more concentrated when the irrigation water is applied,
and there is little accumulation of salt from the evaporation at
the surface. What concentration or evaporation accumulation
does occur is quickly corrected by the succeeding irrigation.

Under average conditions, however, where the total soluble
salts exceed 300 parts in 100,000, water is objectionable for
irrigating most crops, and if carbonates are present a lower limit
is imposed, and if they predominate, a still lower limit must
be set.
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Waters which contain a moderate amount of salts may be
entirely suitable for irrigation on soils having good drainage,
but if irrigation with such waters is long continued and no
measures are taken to prevent the accumulation of salts in the
soil, they may in time impair its fertility. Deep drainage and
occasional copious irrigation is the preventive and the remedy.
These are treated at greater length in Chapter XII.
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CHAPTER VI
EVAPORATION

ALL the moisture that falls from the heavens must at some
previous time have been taken from the earth by some form of
evaporation. Conversely, all the moisture absorbed by the
atmosphere is destined to fall again in the form of rain, snow,
hail, etc. Hence in the long run, taking the earth as a whole,
evaporation and precipitation are practically equal. Evapora-
tion depends mainly upon the wind movement, and the tem-
perature and relative humidity of the atmosphere. It also
depends of course upon the presence of moisture to evaporate.

An important form of evaporation is the transpiration of
moisture from the leaves of plants, in the process of growth.
A growing crop usually transpires several times as much moisture
as would evaporate from the same soil if no vegetation were
present. Hence the importance of destroying weeds which
not only consume the moisture but the plant food needed by the
crop.

The evaporation from the surface of the earth varies widely,
but the precipitation varies still more widely. In a region of
prevalent fogs, evaporation is low, being zero during a fog,
which may in fact precipitate some moisture. Where the
atmosphere is very warm and dry the potential evaporation
is correspondingly high. In a hot arid region, such as Southern
Arizona, and Southeastern California, evaporation is at its
maximum, and may reach 100 inches per annum. In the
relatively cool and foggy regions such as Labrador, it may fall
below 10 inches per annum.

Evaporation from a moist soil surface may be two or three
times greater than from a water surface, by reason of higher
temperature, if exposed to the direct rays of the sun. Shading
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the soil decreases the evaporation 25 to 30 per cent, and a
mulch of straw, leaves, or other loose material still more
reduces it.

Experiments in Southern California by the Department of
Agriculture showed that evaporation from the bare soil could
be reduced 57 per cent by a 3-inch mulch, 81 per cent by a 6-inch
mulch, and 87.5 per cent by a g-inch mulch.

A soil mulch with similar effect may be produced by care-
fully pulverizing the surface soil, or in other words, by cultiva-
tion. The experiments showed a saving of 15 to 40 per cent
of the evaporation by such cultivation.

The advantage of reducing soil evaporation by cultivation
or mulching is not alone the saving of water effected but there
are two other advantages that may be still more important.

Rapid evaporation causes rapid rise of soil moisture, which
brings with it the soluble salts carried in solution by the soil
water, and by evaporation leaves the salts on or near the sur-
face, where they may in time, concentrate to a harmful extent.

By holding the soil moisture in the soil until it can be taken
up by plants, it is given time to dissolve a larger amount of plant
food, and thus greatly nourish the plants when absorbed by them;
whereas, if evaporation is given full play, it soon exhausts the
soil moisture, and fresh water must be more often applied, so
that the water taken by the plants has not so much time to
collect plant food and is less conducive to plant growth.

1. Measurement of Evaporation.—Several methods have
been devised for measuring evaporation, which are more or
less satisfactory. Elaborate and expensive apparatus has
been employed in evaporation measurements made by Mr. Des-
mond Fitzgerald, chief engineer of the Boston Water Works,
by Mr. Charles Greaves of England, and others. A simple
apparatus and one quite successful as a means of measuring
evaporation is that employed by the U. S. Geological Survey.
It consists of a pan, Fig. 16, so placed that the contained water
has as nearly as possible the same temperature and exposure
as that of the body of water the evaporation from which is to be
measured. This evaporating-pan is of galvanized iron 3 feet
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square and 18 inches deep, and is immersed in water and kept
from sinking by means of floats of wood or hollow metal. It
should be placed in the water in such position as to be exposed
as nearly as possible to its average wind movements. The pan
must be filled to within 3 or 4 inches of the top, that the waves
produced by the wind shall not cause the water to slop over, and

F1c. 16.—Evaporating-pan.

it should float with its rim several inches above the surrounding
surface, so that waves from this shall not enter the pan. The
device for measuring the evaporation consists of a small brass
scale hung in the center of the pan. The graduations are on a
series of inclined crossbars so proportioned that the vertical
heights are greatly exaggerated, thus permitting a small rise or
fall, say of a tenth of an inch, to cause the water surface to ad-
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vance or retreat on the scale .3 of an inch. By this device, multi-
plying the vertical scale by three, it is possible to read to .or of
an inch.

In 1888 a series of observations were made with the Piche
evaporometer by Mr. T. Russell of the U. S. Signal Service to
ascertain the amount of evaporation in the West. While it is
probable that results obtained with this instrument are not par-
ticularly accurate, comparisons of these results with those ob-
tained by other methods in similar localities show such small
discrepancies that they may be considered of value until super-
seded by results obtained by better methods. Observations
were made with this instrument in wind velocities varying from
10 to 30 miles per hour, from which it was discovered that with
a velocity of 5 miles an hour the evaporation was 2.2 times that
from one in quiet air; 10 miles per hour, 3.8 times; 15 miles,
4.9 times; 20 miles, 5.7 times; 25 miles, 6.1 times; and 30
miles, 6.3 times.

2. Amount of Evaporation.—In Table X is given the amount
of evaporation by months in the year 1888 in various sections
of the West as derived from experiments with the Piche
apparatus.

As in the case of precipitation, evaporation decreases with
the altitude because of the diminished temperature in high moun-
tains. Experiments were made to determine the amount of
evaporation in different portions of the West by the hydrog-
raphers of the U. S. Geological Survey. These were made with
the evaporating-pan, and the results are probably (Table XII),
more reliable than those obtained with the Piche instrument.
These experiments were unfortunately conducted for a relatively
short space of time.

~ 3. Evaporation from Snow and Ice.—Some experiments were
conducted at the Boston Water Works to determine the amount
of evaporation from snow and ice. From snow it amounted to
about .02 of an inch per day, or nearly 23} inches in an ordinary
season. From ice it amounted to .06 inch per day, or about
7 inches in an ordinary season. The evaporation from snow
is greater than this in the arid regions of the West, especially
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EVAPORATION FROM SNOW AND ICE

1887-88

TABLE X.—DEPTH OF EVAPORATION, IN INCHES PER MONTH IN

Utah, where they are exposed to the wind and the bright sun-

on barren mountain-tops such as those in Arizona, Nevada, and
shine.
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4. Evaporation from Earth.—The amount of evaporation

from earth in the West is a doubtful quantity.
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and 1875. From these it appears that the amount of evaporation
from ordinary soil is about the same as that from water, some-
times exceeding it a little and sometimes being a trifle less, though

TABLE XI.—DEPTH OF EVAPORATION PER MONTH, IN INCHES

generally averaging about 3 inches less than the corresponding
evaporation from water surfaces. The evaporation from sandy
surfaces was found to be only about one-fourth to one-fifth that
from water. Thus in the observations of 1873, where the mean
evaporation from water was 20.4 inches, that from earth was
17.9 inches and from sand 3.7 inches. Soil cover of any kind
greatly affects the amount of evaporation. Assuming the evap-
oration from water is 1.00, Prof. B. E. Fernow gives it for bare
soil 0.60; sod 1.92; cereals 1.73; and forest 1.51. Evaporation
from ground covered with forest leaves is 10 to 15 per cent and
sand 33 per cent less than from bare soil.

5. Effect of Evaporation on Water Storage.—The need of
water storage for irrigation in the West chiefly occurs in July,
August and September. Little rain falls in the arid region
during this period, so that comparatively little of the loss of
evaporation is replaced by rain. As an example, in Central
California, where the average rainfall during these months
amounts to a trifle less than 1 inch, the evaporation during
the same period amounts to about 21 inches. The total resultant
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deficiency chargeable to evaporation is about 20 inches. Storage
reservoirs in the West are frequently at high altitudes in the
mountains, where evaporation is less than in the hot lowlands.
At Arrowhead reservoir, Cal., altitude 5160 feet, the measured
evaporation averages 36 inches per annum, of which about
40 per cent occurs between May and August, the irrigation
season.

The erratic stream flow in arid regions makes it desirable
to store the waters of abundant years for use in dry years,
and these extremes are often many years apart, and the water
held in storage is thus subject to evaporation throughout the
interval. In hot countries, where the rate of evaporation is
high this places a serious handicap on the complete utilization
of the water supply.

In 1909 and 1910, the U. S. Weather Bureau made a series
of careful observations of evaporation at several stations, the
results of which are given in table XII, page 72.
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CHAPTER VII
PUMPING FOR IRRIGATION

THE practice of lifting water from a lower to a higher level
for use in irrigation is doubtless as old as the art of irrigation
itself, and was probably the first form of irrigation tried. In
China, India, and other Oriental countries it is still customary
to irrigate lands higher than’the canals which conduct the water
to them, lifting it a few feet by human or animal power. Many
various devices of a primitive nature are still employed for
this purpose. They are of course possible only where the lift
is slight and labor very cheap.

The familiar processes of pumping water for stock and
domestic farm use, and on a larger scale for a city water supply
is apt to mislead many persons when considering problems of
pumping for irrigation, owing to the relatively large quantity
of water required for irrigation and the corresponding low unit
value of irrigation water. For example a city of 30,000 inhabi-
tants, covering say 1ooo acres, might well afford to expend a
million dollars or more for a domestic water supply, while an
equal quantity of water would be necessary to irrigate 1000
acres properly, and an expenditure of one-tenth that amount
for the water supply might for this purpose be prohibitive.
In other words, the value of water for domestic purposes is
often more than ten times as great as the value of the same
quantity of water for irrigation. In fact, domestic water supply
being indispensable, it must be obtained at any cost, and the
value of irrigation water is limited by the value of the crops
raised, in which it is only one element of cost.

Pumping for irrigation is therefore generally feasible only
where the water supply is ample, the lift moderate and power
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cheap. Exceptions to this combination occur only where the
products of irrigation are exceptionally valuable.

1. Ground-water Supply.—Where an irrigation supply is to
be obtained from the ground-water by means of wells, a careful
study must be made of the quantity of water that can be made
available from each well, and also the total supply, and the
system carefully planned to accord with the facts developed
by that study. One of the commonest errors made in irrigation
engineering is the overestimate of the dependable supply of
water from a well of given design. The total supply of ground
water available in a given locality is also frequently over-
estimated, and seldom underestimated.

The ground-water supply depends not only on the presence
of ground water at the site of the well, but also upon the facility
with which additional water reaches the well as water is removed
by pumping, and this in turn depends upon the size of the open-
ings between the soil particles surrounding the well. If the
water-bearing material is coarse sand or gravel in which the
spaces occupied by water are relatively large, the water will
move toward the well with comparative freedom as the water
level in the well is lowered, and the yield from the well may be
large, while if the water-bearing medium is clay or fine silt in
which the interstices filled with water are very minute, the
friction of moving is so great that the water moves through it
with extreme slowness, so that the yield of each well is very
small, although the total voids in the clay or silt may be and
‘usually are greater in volume than those in coarse sand or
gravel.

The pore space in soils of the arid region will average nearly
5o per cent, varying from about 4o per cent for clean sand, to
55 per cent for clay. A well-graded mixture, however, contains
much less open space, and may have below 30 per cent. Each
particle of soil under field conditions is enveloped by a very
thin film of moisture which will not drain out, and can be driven
off only by heat. The area of these surfaces is 6 or 7 times as
great in clay as in coarse sand, and the number of particles is in
similar ratio.
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2. Windmills.—A great deal of irrigation has been done
in primitive systems by the employment of the power of the wind,
and this is still in extensive use for lifting water from wells
for domestic use, stock water, and to irrigate gardens and small
orchards. Wind power comes next to animal power not only
historically, but in cost. Although the power is free, pumping
by windmills is on the average more expensive than any other
methods except those employing animal power. This is due to
the relatively small amoint of power developed by any one
unit, the inconstancy of the wind, and the large amount of
attention and repairs required by the windmills. For these
reasons, the cost of pumping water for irrigation by windmills
is generally prohibitive except for intense cultivation of small
tracts from which large returns are expected, and in addition
the lift must be low and other conditions favorable. Even then
the cost is seldom less than $100 per unit for first installation of
well, storage tank and pumping machinery, and may reach several
times that amount. Besides this the cost of maintenance is
high, averaging over $10 per year, while the area which one
windmill can serve is generally less than an acre, and may
be much less.

Windmills of standard make can be purchased of any large
dealer in agricultural implements, but representations concern-
ing the power to be developed by them should be usually dis-
counted to eliminate optimistic assumptions, and liberal allow-
ance should be made for the inconstancy of the wind.

Notwithstanding its relatively high cost a windmill plant
may be the most advisable and economical plant where the
requirements or the water supply limit the irrigation to less
than one acre. Many farms on the great plains devoted mainly
to grazing or dry farming are thus furnished with a reliable
supply of vegetables and small fruits which contribute materially
to the support and the health of the family.

Windmills are extensively used in the San Joaquin valley in
California, on the great plains east of the Rocky Mountains
and in other portions of the West, for pumping water for irriga-
tion. The chief objection to windmills for this purpose is their
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unreliability, as they are wholly dependent upon the force of
the wind for their operation. This objection is not so serious
on the great plains between the Rocky Mountains and the
Mississippi River, where there is generally a wind to keep mills
turning. In most other places they are less certain in their
action, and may fail the farmer at the very time when he is most
in need of a water-supply.

Because of their uncertainty of operation, windmills should
never be used for purposes of irrigation without providing as an
adjunct an ample tank or reservoir for the storage of sufficient
water to irrigate a considerable area. Ample capacity should be
provided to store the water of several days’ pumping when
irrigation may not be necessary. This storage capacity may be
obtained by using one of the various forms of elevated tanks
which are supplied by windmill makers; or, if the windmill
can be located at a high point on the farm, an artificial reservoir
may be excavated at this point and suitably lined, which shall
have capacity to contain a larger amount of water.

It requires on an average a wind velocity of 5 or 6 miles an
hour to drive a windmill, and on an average winds exceeding
this velocity are to be had during only eight hours per day.
Hence, about two-thirds of the total time is lost for work. The
reports of the U. S. Weather Bureau indicate that the average
wind movement of the entire country is 5769 miles per month,
or about 8 miles per hour.

These averages are somewhat exceeded on the Great Plains,
where the average hourly velocity is 10 miles. The following
tables give roughly the force of the wind for ordinary velocities:

TABLE XIII.—WIND VELOCITY AND POWER

Miles per Pect per Pressure per Miles per | Feet per ' Pressure per
Hour Second Sq. Ft.in Lbs. Hour Second 15q. Ft.in Lbs.
6 7.5 L12 30 44.0 4.4
10 14.7 .5 35 51.3 6.0
15 22.0 1.1 40 58.8 7.9
20 29.3 2.0 45 66.0 10.0
25 36.7 3.1 5o 73-3 12.3
i
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TABLE XIV.—ENERGY OF WIND ACTING UPON A SURFACE OF 100
SQUARE FEET

Velocity of Wind At Sea-level At u;;:.ll’:‘.’:lbove At ’;‘:Z_l;:",:lbo"
Miles per Hour. H.P. H.P. H.P.
5 0.0835 0.078 0.0724
10 0.6683 0.6237 0.5792
15 2.2550 2.1050 1.9550
20 5.3470 4.9900 4.6340
25 10. 4400 9.7460 9.0500
30 18.0400 16.8400 15.6400

The following table is derived from Mr. A. R. Wolff’s excel-
lent work on the windmill, and shows the capacity and economy
of an experimental windmill having various diameters of wheels,
with an assumed average velocity of wind of 16 miles per hour
and with eight hours per day as the average number of
days during which the results given may be obtained.

TABLE XV.—CAPACITY OF WINDMILLS

GALLONS OF WATER RAISED PER MINUTE TO AN

Size of | Revolutions ELEVATION OF I::;:.
Wheel, of “—| Devel-
Ft. Wheel
25 Ft. | soPt. | 75 Pt. | 100 Pt. | 150 Ft. | 200 Pt.| ©ped
10 60 to 65 19.2 9.6 6.6 4.7 ... ceee...| o.12
12 55 to 60 33.9 17.9 11.8 8.5 57| ... o.21
14 50 to 55 45.1 22.6 | 15.3 11.2 7.8 4.9 | o0.28
16 45 to 50 64.6 | 31.6 19.5 16.1 9.8 8.0 | o0.41
18 40 to 45 97.7 | 52.2| 32.5| 24.4| 17.5| 12.2 | 0.61
20 .| 35to40 |124.9| 63.7| 40.8| 31.2| 19.3| 15.9 | 0.78
25 30 to 35 212.4 | 107.0| 71.6 | 40.7 | 37.3 26.7 1.34

In designing a windmill for pumping, two things have to be
considered—the torque, or statical turning moment, and the
speed of the wheel in relation to that of the pump. The former
should be as large as possible so that the mill will start with the
faintest wind, and the latter must not be too fast for the pumps
in a small mill or too slow in a large one. Hence the size of a



PUMPING FOR IRRIGATION

78

zl'o glo 681 1l'o I 8z ‘0 Tt ceee e R0 13d Aouaddyga jau aferaay
zvo'o 9to-o ogI‘o zor'o £go o £vo'o e0r o - padopaasp 1amod-asioy sso18 snonurjuod aferaay
zSo'o LSo'o Si1°0 1f0°0 0go'o 1vo'o  |'3j *bs oot 1ad padojarap 1amod-aszoy snonurjuod afesday
o-olz o'Lfz o o¥§ o-Sz§ o'1lz o°Lgz |- anoy Jad suofjed ‘pajji 131em jo Ayyuenb aferoay
ALII¥O0T AGNIM ‘SY¥NOH IOVYIAV OOI NI
Lz Lz S-S Sz 6°¢ 1z serereereeeees e 2qua) 1ad ‘Aoudioyys 1ou afesday
zzo'o £zo'0 6go o oS'o tzo'o fzo'0 s+ v - padojaaap 1amod-asioy sso1d snonupuod agerday
gzo'o gzo'o LSo'o Szo'o oto'c zzo'o [ *bs oor 1ad padojaasp 1amod-ssioy snonunuod aderaay
o Shr o'S11 o°lgz 065z o' ¢€r o €St | * - -inoy 1ad suojred ‘pajjy 193em jo L3nyuenb a8eiraay
. ALITVO0T WIVD ‘SHNOH AOVIIAV OOI NI
o1 06 . €61 6'g L 2841 Lg corceer oot quad gad ‘AoudIdyd J9U WNWIXBAT
Sto'o Sfo o it o z10°0 zvo o 110°0 : *eaIe ss013 Jo 399j aienbs oo1 1ad Jomod-asiol
z10°0 gz0°0 mOOO vzo'o $zo'o 110°0 |- ._O.sbauvmhoa [enpy
Sz S oz 9-zr. S-L € €1 o' fr |--rcrccercc e cgnuiu 19d SUOIN[OAAL ‘[iiwt JO A31DOPPA
O.O m;w O.h O.O W.@ WW IR D kSO—n.—QQmO—mE .—UQFMO%UMOO—D>
° AONFIDIIAT RAKIXVR LV
L-of L-g¢ €99 (13 z°19 ® 6 T Trtt 399§ ‘81893 Buunp 1djeM |
15°¢3 SPXE orx¢ 1179°¢3 19243 sreeescees e osauout ‘duind jo ayor:
K °82 SOt 9f ofF TrretteececseccctcS3UBA JO SPUI 1IN0 N
og 18 LSt 10z Vo1 R R T arenbs ._00_.—3.:
€8°6 91°01 91" b1 0'91 S 11 : Tetttt 193] ‘[Paym-qies Jo
1ppny SSaIIPPNY sso[IIppNYy 19ppny . 1ppny
dnewony Buipjog Buipjog smrwony 1033uU0d-puey
o[Ape) sneyyy asmoyjly | pHog sumag PHOS 324038

STIINANIM TVIIAIS J0

SUIONYIOIIAT ANV

SAILIDVAVYS—IAX d1dV.L



WATER-WHEELS 79

mill is an important element in the arrangement of its vanes.
The angle between any portion of a vane and the plane of the
wheel is termed the weather angle, and to obtain the greatest
torque at starting the weather angle should be the complement
of the best incidence angles, or between 70 and 55 degrees. In
practice it is found that the weather angle is never as great as
this, being in the best examples about 43 degrees.

Table XVI gives the results of Mr. J. A. Griffiths’ experi-
ments for the five American-made windmills tested.

3. Water-wheels.—Water-wheels may be subdivided into
two classes: (1) vertical water-wheels and (2) horizontal water-
wheels. Of the former we have the more common of the old-
fashioned wheels:

1. Undershot water-wheels.

2. Breast-wheels.

3. Overshot water-wheels.

4. Hurdy-gurdies.

5. Tangential water-wheels.

The latter is a modern adaptatiof of the old-fashioned
hurdy-gurdy, and is properly an impulse wheel. Horizontal
wheels are turbines of various types, and in these, like vertical
wheels, water may act both by pressure or impulse, or by a
combination of the two.

a. Undershot W ater-wheels.—The word water-wheel is usually
applied to the various old-fashioned vertical wheels, undershot,
breast, and overshot wheels. - Undershot wheels may be classi-
fied as midstream wheels, the common “undershot wheels, and
Poncelet wheels. In midstream wheels the motive power is
due to the velocity or impulse of the current of water in the-
stream in which the wheel is set, and such wheels are employed
almost exclusively for the elevation of water for irrigation.
They are very simple in construction and operation, and may be
advantageously employed where water is abundant, even in
streams having low velocity of flow.

In rivers where the water-level fluctuates, the axle of the
wheel is made movable on its supports to render it capable
of being raised or lowered at pleasure to suit the height of water-
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level, and this is effected by resting one or both extremities
of the axle on floats. The horse-power of a midstream wheel
may be calculated by the following formula from Mr. P. R.
Bjorling:

‘ HP=(v—1v,).0028417,

in which v is the velocity of the stream in feet per second, v,
the mean velocity of the float-boards in feet per second, and
A the immersed area of the float-boards in square feet.

Numerous wheels of this class have been successfully em-
ployed in pumping water for irrigation in various portions of
the West. In some cases these wheels have attached to their
outer rim a row of buckets (Fig. 20), which dip into the water
as the wheel revolves, are thus filled, and then as they reach
the upper portion of their revolution spill their contents into
a trough which leads to the irrigating ditch. Other forms
of midstream wheels are connected by means of gearing or
belting with pumps which elevate the water for irrigation.

The average diameter of the midstream water-wheel of
the West varies from 10 to 20 feet and the length of the blade
of the paddle from 6 to 10 feet. Some wheels of this variety
but of large size have been successfully employed—notably
on the Green River in Colorado which are from 20 to 30 feet
in diameter. These are hung on wooden axles 5 inches in
diameter, while their paddles dip 2 feet into the stream. On
their outer circumference are buckets of wood having an air-
hole in the bottom closed by a suitable leather flap-valve which
permits the bucket to fill rapidly by forcing out the air. These
‘buckets are 6 feet in length and 4 inches square, and have a
capacity of a little less than a cubic foot each. The largest
of the wheels on the Green River have 16 paddles and lift 10
cubic feet of water per revolution, and as they make two revolu-
tions a'minute, though they spill a large portion of their con-
tents, each wheel handles about 4000 cubic feet per day, or
approximately 1/10 of an acre-foot.

Common undershot water-wheels, as distinguished from
midstream wheels, are the best where a fall of convenient height
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cannot be obtained, and the velocity of the water is yet relatively
great. These are confined in a channel which is made about
the width of the wheel and is wider at the inlet than at the wheel
so as to give freedom of access to the water and to increase its
velocity. These wheels operate most satisfactorily where the
fall is from } to 2 feet in the course of the race. The paddles
are similar to those for midstream wheels, though sometimes
they are curved and of iron. The number of float-boards or
paddles for such a wheel may be determined by the formula:

n=4—d+12,
3 .

in which # is the number of float-boards and d the diameter of
the wheel. These wheels vary in diameter from 10 to 20 feet,
and are usually constructed of from 30 to 40 paddles, varying
from 1} to 23 feet in depth, their length being from 3 to 6
feet.

Poncelet wheels act rather on the turbine principle, their
paddles being. curved. They are usually immersed to the
height of their axes, and the water is screened from them with
the exception of a few inches near their under surface, so that
it impinges by impulse against the under side of the wheel and
acts much as does a turbine. '

Breast-wheels are placed where there is a considerable fall
in a manner similar to Poncelet wheels, so that the level of
water is about at the height of their axes. They have usually
curved paddles or buckets, and the water impinges against
them both by weight and impulse at a point below the axial
line.

b. Overshot W ater-wheels.—QOvershot wheels are more economi-
cal thar undershot wheels in their use of water, and are there-
fore employed where water is scarce. In these the water is
delivered above the wheel by means of a flume, race, or pen-
stock, and they are so constructed that the water may be de-
livered either on the near or the far side of the wheel, according
to the arrangement of the outlet gates controlling the supply.
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On the outer circumference of the overshot wheel is a series of
buckets into which the water pours and by its weight causes
the wheel to revolve. As the wheel turns each bucket fills
as it passes the inlet and empties as it approaches the bottom,
so that on one side are always a certain number of buckets
filled with water. In order to lose as little of the fall as possible
the bottom of the wheel should approach close to the lower
water surface, but should not dip into it, as by drowning the
wheel its power is diminished.

The buckets of overshot wheels may be made of straight
boards or sheets of metal having two or three bends in them, or
may be curved. The number of buckets may be calculated by
the following formula given by Bjorling: For wheels from 12
to 20 feet in diameter,

n=2.1d,

and for wheels 25 to 40 feet in diameter,
n =2.3d.

The depth of shrouding for these wheels is abaut 12 inches,
and the bucket opening is about } of a square foot for each cubic
foot of bucket contents, or is about 7 inches in width.

Overshot water-wheels may be employed to operate through
gearing or belting any of the usual forms of reciprocating or
centrifugal pumps, and will elevate volumes of water to heights
proportioned to the power they are capable of developing.

¢. Turbine Water-wheels.—Turbine wheels may be divided
into two classes, according as they are acted on (1) through
pressure and (2) through reaction. Pressure wheels have curved
float-boards along which the water glides. Reaction wheels
consist of an arrangement of pipes from which water issues
tangentially. To this latter class really belong Pelton wheels,
which are vertical reaction wheels.

While pressure and reaction wheels are similar in con-
struction, they differ in that in the former the passages betwecen
the vanes are not completely filled with water, while in reaction
wheels the water fills and flows through the whole section of
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the discharge-pipe. Turbines are again distinguished as (1)
outward-, (2) inward-, and (3) mixed- or parallel-flow turbines.
The former receive the water at the center and deliver it at the
periphery of the revolving wheel, the regulating apparatus
consisting of a ring inserted between the outer periphery of the
guide-blades and the internal periphery of the revolving wheel.
In inward-flow turbines the motion of the water, as the name
implies, is practically the reverse of that for outward flow.
Turbines possess an advantage over vertical water-wheels in
that they may be used with any fall of water from 1 foot to
several hundred feet. The chief differences between turbines
and vertical water-wheels are that the turbines may be drowned,
but vertical wheels must be elevated above the water in the tail-
race; the turbine takes its supply at the bottom of the fall
and the water-wheel at the top or beginning of the fall, and
therefore the former obtains nearly the whole pressure due to
the head or height of the fall; turbines work without material
loss of energy when drowned and move with a greater velocity
than vertical water-wheels, and hence may be reduced in size
and weight for equal power. .

Mixed- and parallel-flow turbines may be fixed at any
convenient distance above the tail-race, and must have suffi-
cient water above the guide-blades to allow it to enter freely
without eddies.

Of the American makes of water-wheels probably the two
most extensively employed are the Victor turbine and the
Leffel turbine, though a number of other types are manufactured.
These wheels have been extensively employed for all the various
purposes to which power may be applied, and a number of
pumping plants for irrigation operated by such turbines have
been erected in the West. These turbines come in sizes and
powers ranging from a few inches in diameter under a head of
but a few feet, and capable of developing as little as one horse-
power, up to the enormous sizes which have recently been
built which are capable of developing as much as 20,000 horse-
power, and which may be operated under several hundred
feet of head.



84 PUMPING FOR IRRIGATION

d. Pelton Water-wheels.—Pelton water-wheels are simple
in construction and not liable to be clogged or to get out of
order, and can be worked under great heights of fall. They
are vertical, tangential reaction wheels, and power is derived
from the impulse of the head of water supplied by a pipe which
discharges upon the wheel-buckets on the lower side of the
wheel through a nozzle. The buckets which are on the periphery
of a Pelton wheel are of metal, cup-shaped, and divided into
two compartments in such way as to develop the full force of
the impinging stream, while in passing out the water sweeps the
curved sides with a reactionary influence, giving it the effect
of a long impact. The power of this wheel does not depend upon
its diameter, but upon the volume and head of water supplied.
Pelton wheels are not recommended for heads less than 5o feet,
as below this head turbines are usually more efficient. But
above 200 feet head and up to 2000 feet a Pelton wheel is best,
as no other wheel produces like efficiency or works with equal
simplicity. These wheels are adapted to a wide range of cen-
ditions of water-supply, producing power under the most vary-
ing conditions with efficiency. This is accomplished by simple
change of nozzle-tips, by varying the size of stream thrown
upon the wheel, or by shutting off one or more of the multiple
nozzles, the power of which may thus be varied from maximum
to 25 per cent without appreciable loss. The buckets being
open, there is no uncertainty or annoyance from derangement
of the parts, or stoppage by driftwood or other substances in
the water. They are relatively cheap of installment, and may
utilize the water from a small spring or creek as well as from
the largest source of supply. These wheels admit, by varying
their diameter, of being placed directly on the crank-shaft
of power pumps without intermediate gearing or connections.

4. Internal Combustion Engines.—The development of the
gas and vapor engines actuated by internal explosions are not
only relatively economical of fuel, but are adaptable to small
units, and are so nearly automatic as to require only occasional
visits to keep them running properly, and when out of order
merely stop until the difficulty is remedied. These important
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advantages have given them a prominent place in the field of
individual pumping plants. Their most important handicap
is the high grade of fuel required, generally either gasoline, or
other volatile oils called distillate. A greater economy in the
fuel used by such engines is sometimes obtained by producing
the gas consumed from oil or coal in the plant itself. The lignite
outcropping abundantly in some regions is well adapted to this
use.

5. Hot-air, Gasoline, and Alcohol Pumping-engines.—Hot-
air pumping-engines depend for their operation on power
developed by the expansion of heated air without the interposi-
tion of steam or other agency to convert the heat into motion.
Alcohol and gasoline-engines are likewise operated without
converting the heat produced by combustion into steam, but
depend upon the expansive force produced by the explosion of
alcohol or gasoline converted into gas when brought into contact
with air. They have, under certain conditions, decided advan-
tages over water- and steam motors in that they can be employed
where there is not a sufficient water-supply to operate a water-
motor, utilizing, as they do, practically no water, and therefore
being able to pump all that is available for irrigation. They
may be employed where steam-pumps cannot be, both because
of their economy in water consumption and because of the kinds
of fuel which they may use; gasoline and alcohol being service-
able in arid regions where transportation of fuel is expensive
and hot-air engines being capable of utilizing any variety of fuel.
They are compact, and simple of erection by comparatively
unskilled machinists, and can be operated at the least expense
for supervision. Denatured alcohol is efficient fuel when
utilized in a specially designed alcohol engine, of which there are
several successful makes on the market. Such alcohol can be
made on the farm from waste or refuse vegetables, fruit, or
grain.

Hot-air engines are constructed almost wholly as pumping-
engines, and the motive power and pumping apparatus are
combined in one machine inseparably connected. Many thou-
sands of these machines are in use, chiefly for pumping small
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quantities of water in cities for manufacturing or domestic
uses, only a few being employed in pumping water for irrigation.
They are simple of construction and there is no possibility of
explosion, as may occur through carelessness with a gasoline-
cngine. When once started they require no further attention
than the replenishment of fuel.

Gasoline- and alcohol-engines are used extensively in some
portions of the West, notably in Kansas, for pumping water for
irrigation. They are made of various dimensions, pumping a
corresponding volume of water, and they are constructed as
combined motive and pumping plants or as separate motors to be
attached to various forms of pumps. The chief advantages
which these machines have are their compactness and simplicity
of installation and operation, and their cheapness.

6. Steam Power.—Some of the largest irrigation pumping
plants in existence in point of power developed and water pumped
are actuated by steam power. In the Hawaiian Islands large
steam pumps are employed to lift water as much as 550 feet for
the irrigation of sugar cane. The crop must be very valuable to
justify any such lift. Very large steam plants for low lifts
and large quantities of water are employed upon the rice planta-
tions of Louisiana. The large plants have employed the
reciprocating engine and pump direct-connected, or steam pump.
For some cases a higher efficiency may be obtained by the use
of steam turbines which are especially, on account of their high
speed, adaptable to the actuation of electric generators, which
in turn may furnish current to a number of pumps installed at
different localities. Where the water is to be obtained from
numerous wells, this method of distribution is especially advan-
tageous. A steam plant to be economical must be large, as it
requires continuous attendance and must have elaborate pro-
visions for economy of fuel. The investment in such a plant and
the area irrigated are usually beyond the means of the individual
irrigator, and most successful plants of this character are handled
by large corporations or municipalities.

7. Pumps.—Although other types are used, the centrifugal
pump dominates the irrigation field.
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Centrifugal pumps lift water by means of a disk bearing
curved blades which revolves rapidly within a chamber, which
fits as closely as possible to leave clearance for rapid motion.
The blades force the water through the delivery pipe. They
are sometimes submerged in the water to be pumped, or may be
placed a few feet above the water, in which case they require
priming to start them. Centrifugal pumps are of several varie-
ties, differing in form or detail, but acting on the same principle.

The centrifugal type of pump is the favorite where large
volumes of water must be lifted through a moderate elevation.
Its main advantages are simplicity, reliability, low cost, and
freedom from serious trouble with silt, leaves, etc. When
properly designed for the conditions under which it is to operate
it shows efficiencies above 8o per cent for heads between 30 to
60 feet, with somewhat less outside those limits. The loss
at entrance of suction pipe is over go per cent of the velocity
head at entrance, and at the exit of the discharge pipe the loss
is the entire velocity head. These losses can be greatly dimin-
ished by tapering the pipe to larger section in both directions
from the pump. To be fully effective, however, the taper
must be very gradual, especially at the discharge end.

Prof. W. B. Gregory gives the following table as an illustra-
tion of the advantage of expanding the suction and discharge
pipes in directions away from the pump. It also illustrates the
fact that this is more important at the discharge than at the
suction side:

TABLE XVII.—CENTRIFUGAL PUMP, 5 FEET LIFT

Loss of | Loss of Ft;;ction Total Gam
Form of Pipe Head at | Head at St o.ss},l ¢ Ho:i
Entrance |Discharge ;:IR €
ipe Feet Percent
Straight 2 ft. diameter.| 1.44 1.55 0.24 8.23 o o
Expanded to 2 ft. 6in. | o.59 0.63 0.24 6.46 1.77 21.§
Expanded to 3 ft...... 0.28 0.31 0.24 5.83 2.40 29.1
Expanded to 4 ft...... l 0.09 o.10 0.24 5.43 2.80 34.0

The screw pump pushes the water along by means of an
inclined plane in the form of the threads of a rapidly revolving
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F16. 17.—Windmill and Reservoir near Garden City, Kansas.

F1c. 18.—Battery of Hydraulic Rams, Yakima Valley, Washington.
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F16. 19.—Undershot Water-wheel.

Fi1c. 20.—Current Wheel or Noria, Lifting Water from Salmon River for
Irrigation.
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screw, working inside a pipe. It is especially adapted to low
heads, as it does not require the water to move with as high a
velocity as the centrifugal pump requires, and may achieve
efficiencies of 70 per cent for heads as low as 6 or 8 feet.

Another type of pump advantageous for low heads is the
scoop wheel, a view of which is shown in Fig. 22. It is an adapta-
tion of the old-fashioned paddle wheel used on river steamers. The
paddles push the water up a curved trough fitting them closely
without touching. It moves the water so gently that its efficiency
is almost independent of the lift, but it cannot be well adapted
to high lifts. Efficiencies of over 6o per cent are attainable.

8. Direct Pumping.—It often happens that the location of
a canal on the adopted grade reaches a point where it encounters
topography so rough that economy requires it to be dropped -
to a lower level, and there may also be irrigable land at higher
level, near by, which it is desirable to reach. In such a case
it may be possible to utilize the power generated by the falling
water at the drop, to raise a portion of it to a higher level.
Where this is done at the same point with one installation of
machinery, this is called a direct-pumping plant. Several such
plants have been installed by the United States Reclamation
Service, a typical one being that on the Huntley Project, Mon-
tana, where the main canal carries 200 second-feet of water
which descends a vertical distance of 34 feet, through a pressure
pipe into a casing enclosing a centrifugal pump mounted on a
vertical shaft above a turbine water-wheel on the same shaft.
One hundred and fifty second-feet of the water passes through
the turbine into the canal below, thus turning the shaft and
actuating the centrifugal pump which lifts 50 second-feet of
the water to a level 45 feet above that of the main canal. This
machine was built under a requirement of 51 per cent efficiency
and approximates this in practice.

It is seldom that the velocity of highest efficiency is the
same for both water-wheel and pump, and hence it sometimes
occurs that higher efficiency can be obtained by a separate
installation of these two machines, connecting them by gearing
or belting to secure the best velocity in each.
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9. Hydraulic Ram.—The commonest form of direct pumping
plant is the hydraulic ram.  This uses a large volume of water
falling a moderate distance, to pump a smaller quantity of water
through a greater head. In this device, a pipe (4) leads from
the source of supply to a valve box (B) and sends a branch to an
air chamber (C), from which the delivery pipe (D) leads to the
higher level. The valve in the valve box opens downward,
and is made heavy enough to remain open with a moderate
flow of water but closes suddenly when the velocity of the escap-
ing water reaches a certain point. When the valve closes the
rushing water is suddenly checked, producing a water hammer
which opens the valve into the air chamber and compresses

F16. 21.—Diagram Illustrating Principle of Hydraulic Ram.

the air, and is relieved in part by flowing into the delivery pipe.
When the pressure equalizes, the air chamber valve closes,
and the flow through the dclivery pipe is continued for a brief
period, by the expansion of the compressed air in the air chamber.
As the air in this chamber is gradually absorbed and carried
out by the water, provision must be made for its renewal, or the
efficiency of the ram will decrease. When the water in the
supply pipe is quiet, the valve in the valve box (B) falls, the
flow of water begins again, and the process is repeated.

Thus, the flow from a hydraulic ram is a series of pulsations,
and each impulse has to overcome the inertia of the column
of water in the delivery pipe. If two such rams are connected
with the same discharge pipe, and their pulsations do not coin-
cide, the discharge is more nearly continuous, and less energy
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is wasted; and this becomes still more the case, as the number
of rams is increased. An installation of eleven hydraulic rams
in the Yakima Valley gave an efficiency of over 71 per cent
when quite old, while a single ram will seldom give better than
50 to 6o per cent efficiency. Like other mechanical appliances,
however, the hydraulic ram is susceptible of great ranges in
efficiency, and a battery of two 12-inch rams installed at Seattle,
are reported by Carver to have shown efficiencies as follows:

TABLE XVIII.—TESTS OF 12-INCH HYDRAULIC RAM,
SEATTLE, WASH.

Strok Power Pumping Water Water Efficiency
trokes Head Head Wasted Pumped Per cent
Moo Pt. Ft. c.f.s c.fs a(h)
inute —
H h Q q O+9H
65 48.7 130.7 1.08 0.555 go.8
50 48.0 131.6 1.53 0.755 9o.5
45 48.0 133.8 1.78 0.846 89.6
41 47.9 131.2 1.91 0.915 88:8
40 47.9 133.8 2.04 0.930 87.5
37 47.9 127.8 2.04 1.020 89.0
32 47.8 135.9 2.66 1.080 82.3

10. Air-lift Pumping.—Water is sometimes pumped from
wells by means of compressed air, by forcing the air through a
pipe to the bottom of the well casing and there releasing it.
This method can be used only for vertical lifts from wells of
considerable depths. It is not applicable to lifts of more than
200 feet, unless the lifts are arranged in series.

The area of the air pipe should be between 15 per cent and
20 per cent of that of the water pipe, and from one-half to
two-thirds of the air pipe should be submerged. Under favor-
able conditions an efficiency of about 30 per cent is attained,
although results in practice are usually lower, and laboratory
tests may be higher. The system is well adapted to sandy
water, as there is no machinery or valves to wear. It is little
used on account of low efficiency.

11. Hydro-electric Pumping.—Where the pumping is to be
performed at a distance from the drop where power can be
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generated, electric power may be generated at the drop, and
transmitted over wires to one or several points where pumping
is required. Such pumping may be from canals, or from wells
drawing upon the ground water, and opportunities for their
installation are very numerous in irrigated regions, and in fact
occur on nearly every large irrigation system.

The largest existing hydro-electric installation for irrigation
pumping is at the Minidoka dam on the irrigation project of
the same name built and operated by the United States govern-
ment.

At this point, a dam was built in Snake River to raise the
water into canals on each side of the river, 38 feet above the
bed of the river. The main dam is of loose rock faced with gravel
and earth, and its south abutment at the river bank merges into
a concrete weir built on the lava bench, which serves as a spill-
way, about 3000 feet long. The weir is surmounted by a series
of buttresses against which are placed flash boards to serve as a
movable crest to store flood waters for irrigation. The available
storage capacity above the level necessary for diversion pur-
poses is about 54,000 acre-feet. Below this dam about 300,000
acres of land are irrigated, the water for which must pass the
dam and is available for the development of power under such
head as the dam affords, which is about 46 feet on an average.

The present development consists of five 2000-horse-power
vertical turbines, direct connected to 1500 k.v.a. alternators,
generating 3-phase 6o-cycle current at 2300 volts. The turbines
operate under a normal gross head of 46 feet at a speed of 200
r.p.m.

The current from the alternators is transformed from 2300
volts to 33,000 volts, by five transformers of 1500 k.v.a. capacity
each. This current is transmitted ‘over duplicate copper trans-
- mission lines, a distance of 11 miles by the shortest line to the
nearest pumping station.

At the lower end of the south side gravity canal is located the
first pumping plant, which consists of four centrifugal pumps
with capacity of 160 second-feet each, and one pump of 75
second-feet capacity, or a total capacity of 715 second-feet.
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The lift is 31 feet net, and at this level a canal carries water to
cover about 10,000 acres. Another canal runs in cut to a suitable
location for the second pumping station which is equipped with
four pumps of 160-second-feet capacity each, which lift the water
31 feet higher, from which level about 15,000 acres are irrigated,
and the balance of the water is carried to the third pumping
station, which has two pumps of 16o-second-feet capacity each
and one of 75-second-feet capacity, and supplies about 23,000
acres of land. The lift at each station is about 31 feet and

F16. 22.—Scoop Wheel, Lifting Water 34 feet, 6o per cent Efficient.

the average lift is about 64 feet. All the pumps are of the
vertical shaft type submerged, with both top and bottom suction,
located in separate concreté chambers, 16 by 17 feet, protected
by steel trash racks. The larger pumps have impellers of 44
inches diameter and discharges 48 inches diameter, giving a
discharge velocity of 10.4 feet at rated capacity, and a speed of
300 r.p.m. The casing of the pump is of cast iron, and the
impellers are of steel plate with cast-iron shroud rings. The
discharge pipes gradually enlarge to 66 inches diameter and are
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merged into reinforced-concrete pipe, reaching to the top of the
lift, where it is equipped with a steel flap valve which remains
open while the pump is operating, and closes when it stops.
The motive power for the pumping unit is furnished by a 60o-
horse-power 3-phase synchronous motor, wound for 2200 volts,
to which pressure the current is transformed from the trans-
mission voltage of about 30,000. All the pumping stations are
housed in buildings of reinforced concrete. '

The electric current is also transmitted to numerous small
pumping stations where it is necessary to lift water from 3 to 5
feet to cover a few hundred acres. This is accomplished by
steel scoop wheels with an efficiency of about 6o per cent.

12. The Humphrey direct-explosion pump is used at Del

F16. 23.—Direct-explosion Pumping Plant to Raise Irrigating Water.

Rio, Texas, to pump about 6o cubic feet per second to a height
of 37 feet from the Rio Grande. This type of pump has few
moving parts and combines the prime motor and pump in one
structure, consisting mainly of a simple system of pipes, valves,
and tanks, as shown in Fig. 23, using gas produced at the site.
To start the pump, the proper mixture of air and gas is forced
into a cylinder by a small air compressor of the two-cylinder
type, one cylinder pumping air and the other pumping gas.
After the proper mixture of air and gas is forced into the
cylinder by the compressor, the charge is fired by an electric
spark, all the valves being shut at the instant when the explosion
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occurs. The charge of gas and air is exploded directly over
the surface of the water, no piston or moving parts being used.
The increase in pressure resulting from the explosion, all valves
being closed, drives the water in the pump-head downwards
and sets the whole column of water in the play pipe in motion.
This column of water attains kinetic energy during the period
when work is being done upon it by the expanding gases. By
the time the gases resulting from the explosion have expanded
to atmospheric pressure the water in the play pipe is moving
at a very high velocity. As the motion of this column of water
cannot be suddenly arrested the pressure in the explosion
chamber falls below atmospheric pressure. When this occurs,
a quantity of water enters through the suction valves, most of
which follows the moving column in the play pipe and the rest
rises in the explosion chamber.

As soon as the column of water in the play pipe comes to
rest, it starts to move back towards the pump and gains in
velocity until the water reaches the level of the exhaust valves
which are shut by impact. A certain quantity of the burned
products mixed with the scavenging air is now imprisoned in the
cushioned space and the kinetic energy of the moving column
is expended in compressing this gas cushion to a very much
greater pressure than due to the static pumping head. As a
result of the energy stored up in the entrapped compressed gases,
the column of water is again forced outward. The pressure
in the gas head is again reduced to atmospheric pressure and
below, at which a fresh charge of gas and air is drawn in to
the explosion chamber. Again the column of water returns
under the pressure in the play pipe, compresses the charge of gas
and air which is then ignited to start a fresh cycle of operation.

The period of cycle of the pump is determined primarily by
the length of thé reciprocating column of water in the play pipe.
As a general rule, assuming the column to be of a uniform section,
the period of vibration is almost proportional to the square root
of the length of the water column. The Del Rio pump will
average about twelve complete cycles per minute.

The thermal efficiency of the pump is guaranteed to be not
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less than zo per cent. English pumps of this type have reached
a thermal efficiency of over 22 per cent.

13. Rice Irrigation.—The irrigation of rice in Louisiana is
an important industry, and this has become one of the staple
crops of the state. It was formerly customary to place flumes
in the levees of the Mississippi River to admit water to the rice
fields, but the menace to the safety of the levees led to the
prohibition of this practice, and thereafter siphons have been
used to lift the water over the leeves. At low water it is generally
necessary to pump the water from the river to supply the siphons.

Large quantities of rice are also produced on the uplands, to
which water is pumped to various heights, sometimes more than
5o feet. The quantity of irrigation water applied in a season
varies with the season and the soil, from 1 to 3 feet in depth,
averaging about 2} feet.

TABLE XIX.—PRODUCTION OF RICE, 1917, IN UNITED STATES

Yield . VALUE AT FArM
State Acreage | per Acre,’ Production,

Bushels '

Bushels Total Per Acre'
North Carolina...... 300 | 26.0 7,800 $16,000 | $50.70
South Carolina. .. ... 3,000 | 25.0 75,000 146,000 | 48.75
Georgia. ........... goo | 30.0 27,000 53,000 | 58.50
Florida............. 80 | 26.0 20,800 41,000 | 50.70
Missouri........... 400 | 45.0 18,000 34,000 | 85.50
Alabama. .......... 400 | 27.0 10,800 23,000 | 5I.30
Mississippi......... 2,100 | 30.0 63,000 120,000 | 57.00
Louisiana...... ... 500,000 | 36.5 18,250,000 34,075,000 | 69.35
Texas.............. 230,000 27.0 6,210,000 12,420,000 | '54.00
Arkansas........... 146,200 | 41.0 5,994,000 11,389,000 | 77.90
California. .........| 80,000 | 7%0.0 5,600,000 9,800,000 | 122.50
United States....... 964,100 | 37.6 36,276,400 | $68,717,000 | $71.28

The use of the centrifugal pump is nearly universal on the
rice plantations for small installations designed for more than 10
feet lift. The water is pumped from streams where these are
available, but a great many take water from wells, from 15 to 50
feet in depth. More than 2000 wells are thus used for the
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irrigation of rice in Louisiana and Texas, the motive power being
usually steam in Louisiana, while gasoline is frequently employed
in Texas. These two States produce over three-quarters of the
rice produced in the United States, most of the rest being grown
in Arkansas and California. Over go per cent of this is irrigated
by pumping, and this mainly by centrifugal pumps.

According to Gregory, the largest irrigation pumping plant
in the rice country is that of the Neches Canal near Beaumont,
Texas, which has a capacity of about 440 cubic feet per second,
pumping against a head of 30 to 35 feet. This is accomplished
by six rotary chamber wheel pumps. These pumps have shown
good efficiency and reliability, but some plants of this type
have given considerable trouble. One complication is the irregu-
lar discharge velocity, making it necessary to provide air
chambers near the pump. This and other characteristics require
a higher grade of skill in their operation and maintenance than
is necessary for the centrifugal pump.
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CHAPTER VIII
IRRIGABLE LANDS

ONE of the first and most important fundamentals to deter-
mine regarding a proposed irrigation project, is the area and
character of the irrigable land. Simple as this may seem, it is a
frequent cause of failure of such projects, that only cursory
attention was given this important element in planning the
projects.

1. Topography.—For successful irrigation the land should
have some slope in order that the water may be induced to run
over it in gravity canals and farm ditches. When the water
in a canal is quiescent, and no current can be detected, its surface
is level, or practically so, and in order to induce a flow, a con-
siderable slope must be given its surface. Sometimes an exten-
sive plain, perhaps an ancient lake bed, is so flat that it fur-
nishes no considerable slope in any direction on which to build
a canal with natural slope sufficient to carry the irrigation water.
This water must therefore be provided at the edge of the plain
at sufficient elevation so that by confining it between dikes
it can be held above the level of the land with its surfacc gently
sloping in the direction of flow, and must reach each field to be
irrigated with the water surface sufficiently above ground so
that it can be induced to run over the fields to be irrigated. If
the distance through which the canal must be thus carried is
great, the height of the dikes forming the elevated water way
may be too expensive, and their maintenance too precarious to
be feasible. In general, extensive tracts of this nature are not
numerous, and when small, they can be treated as above indi-
cated; but owing to lack of grade the canals must have small
slope and low velocity.
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The desirable slope of the irrigable land is between 10 feet
per mile and 30 feet per mile in the direction of greatest slope.
Less than the lower limit mentioned involves some inconvenience
in getting water over the fields, and in disposing of waste water,
while more than 3o feet may involve extra expense in providing
drops in canals, or other devices to avoid destructive velocities.
A typical valley usually has a slope parallel with its drainage

F1G6. 24.—Shoshone Desert before Irrigation.

line and approximately equal thereto, and also a slope from the
hills normal to the stream. .

While the above limits indicate the convenient slopes, the
feasibility of irrigation is not thus limited by any means. Walter
can be successfully applied where the slope is little or nothing,
and also on side hills so steep that plowing and other farm
operations are difficult; but such conditions require special
devices and expenditures, and great care in the application of
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water. In countries where land and its products are of low
value, a limit of slope of 10 per cent is sometimes adopted, and
land with greater slope than this is classed as non-irrigable.
- Where land values are higher, however, a greater slope can be
tolerated and successfully irrigated, by the use of small heads of
water and by handling it with care.

While the ideal plain for irrigation is a smooth gentle slope,
this is seldom encountered in practice, and the country to be

F1c. 25.--Shoshone Desert after Irrigation.

irrigated may be rolling and traversed with drainage lines.
If these are very large or frequent, they will greatly increase
the cost of the system by the necessity of providing structures
for drainage crossings. If the natural drainage lines are not too
large or numerous, they may be advantageous in furnishing
natural escapes for storm and waste waters.

2. Soil Survey.—The fertility of the soil must, of course,
be beyond doubt. In any country, except an extremely arid
one, the fertility of the soil may be partly inferred from the
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character of the natural vegetation. In general the growth
of thrifty sage brush is an excellent indication, as this does not
thrive on poor soil nor on that impregnated to a harmful extent
with alkali. In some cases, however, sage brush land with soil *
otherwise excellent may be dotted with frequent spots of rock
having enough soil on the surface and in crevices and pockets
to produce a fair growth of sage brush, but unfit for profitable
cultivation. Care should be taken to ascertain that all the
land classed as irrigable has at least 2 or 3 feet of soil over any
rock or hardpan that may underlie it.

The presence of greasewood generally denotes that for some
reason the conditions are not favorable for sage brush, unless
some of the latter also occurs. Frequently, the reason is a heavy
soil, or the presence of alkali in too great an amount for sage
brush.

The freedom of the passage of water through sand is fairly
good assurance that sandy soil contains no injurious amounts
of alkali, and this is generally true. .

Unless the character of vegetation carried by a tract, or
the sandy nature of the soil is such as to assure. the absence
of harmful amounts of alkaline salts, it will be well to have a
soil survey made to determine the depth and character of the
soil. '

‘Soil samples at varying depths may best be obtained by
means of a soil auger, which can be made by any blacksmith.
It should be about 2 inches in diameter, and should have a shaft
that can be extended to a total length of 5 feet, so that if
desired samples at that depth can be débtained. The samples
obtained should be kept separate and carefully labeled as to
locality and depth at which obtained. AN samples should be
tested as to total soluble salts. At least 10 per cent of the samples
taken at each foot of depth should be quantitatively analyzed
for carbonate, bicarbonate, chloride and sulphate of sodium,
and sulphate of magnesium, and at least 10 per cent of the
remaining samples should be subjected to simple tests to show
whether the indications of the analyses are safe guides, and
which salt predominates. The number of samples taken must
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depend upon the degree of doubt existing as to the quality of
the soil, and should be determined as the inquiry progresses.
If the results are fairly uniform, fewer samples are necessary
than if they vary greatly. If little alkali is found, fewer samples -
are necessary than if the alkali is so abundant as to stimulate
doubt of the arability of the soil.

Sandy areas are sometimes so rough as to be expensive in
leveling. There is often a tendency for the sand to drift about
desert shrubs, and if the dunes or hummocks are numerous
they may occupy too much room to permit farming between
them, and the cost of leveling them may be prohibitive. Even
land that to the casual observer appears smooth often requires
considerable leveling for proper irrigation. Otherwise, the
water applied will seek the low places, and soak them too heavily,
while the high points are left dry. Neglect to properly level
the ground is one of the commonest failings of agriculture under
irrigation. It often happens that depressions or sinks occur
which in their natural state may be rather more fertile than the
surrounding land, but that owing to lack of surface drainage
are likely under irrigation to become ponds or bogs, too wet to
cultivate. It may be possible to provide drainage, but the cost
of this must be considered, and if prohibitive the areas must be
eliminated.

All areas found to be non-irrigable or of doubtful fertility
must be liberally measured and carefully eliminated from. the
irrigable area, and the extra length of canals and laterals neces-
sary to reach a given area must be liberally allowed for. Allow-
ance must also be made for the ground to be occupied by roads,
canals, railroads, drainage lines, and any other areas that cannot
be actually cultivated.

Consideration must be given to the cost of clearing the land.
If heavily timbered, under circumstances in which the timber
cannot be marketed, the cost of clearing plus the cost of irriga-
tion may nearly equal or even exceed the value of the cleared
land. The cost of clearing smaller brush may often be an
important element in considering the feasibility of the pro-
ject.
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3. Preparation of Land for Irrigation.—a. Clearing.—In the
preparation of raw land for irrigation, the first step is the
removal from the surface of the native vegetation. If this is
- simply a sod of grass, rabbit brush or other small vegetation,
it may be plowed under, by means of a strong team ‘attached
to a breaking plow, and this when possible, is very desirable,
as this retains the vegetable matter in the soil where by decay
it forms valuable plant food, generally much needed. But if the
ground is wholly or partially covered with larger shrubs or trees,
these must be removed or burned.

Sagebrush and Greasewood.—The commonest grade of clearing
required is sagebrush, greasewood, creosote brush, and other
shrubs too large to plow under, and too coarse and woody to
decay readily. In many cases such brush is worth saving for
fuel, or for riprapping sandy banks to prevent erosion by wind
or water. These shrubs cover a large proportion of the irrigable
lands in the Rocky Mountain and Pacific States, and usually
range from 3 to 6 feet in height. They may be easily broken
off at the ground surface by means of a device formed of three
railroad rails, with the heads interlocked, and firmly bolted
together, leaving the flanges projecting, so as to form dull edges.
This device may be dragged across the brush by eight horses and
is very effective in breaking down the brush, which may then be
easily collected, and either burned or piled for future use. Sage-
brush when not very large is sometimes plowed out by heavy
teams or traction engines, and as the plowing is often desirable,
the method is a good one, although more expensive than the
rail method, which has been done for $2.50 to $3.50 per acre,
while the plowing method costs from $1.00 to $2.00 more. The
roots of these shrubs give little trouble in tillage, and soon decay.

Mesquite is an abundant native of the Southwest, is larger
and tougher than sagebrush and has much heavier stumps and
roots. It is commonly removed by hand, and makes excellent
firewood, and trunks of sufficient size and straightness are used
as fence posts. The stumps and roots do not decay rapidly
and are generally grubbed by hand, which is laborious and

expensive.
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. Juniper and Pinon trees are numerous in middle latitudes
and altitudes, and merchantable pine trees sometimes occur on
land destined for irrigation. The long leaf pines may furnish
saw logs of value, but the Pinon is of value only for fuel.

Juniper (sometimes called cedar) often sends many heavy
branches from one root at the ground, and all these must be cut.
The stumps do not readily decay, and are difficult to grub. The
cost of clearing is therefore greater than in the case of pines.
Juniper is much used for fence posts, which are very durable.

Where the soil is sandy and likely to blow when the brush
covering is removed, the clearing must be performed with great
care and caution. It should never be attempted in the spring
or at any season when high winds are to be expected. In most
localities late summer is the best season in this respect. Not
all of the ground should be cleared in one season, but where the
topography will permit the land should be divided into strips
about 40 feet wide, and only alternate strips cleared, the brush
being left on the intervening strips as a protection against wind.
As soon as cleared, each strip should be leveled as quickly as
possible, and immediately irrigated and seeded. Rye or wheat
are good crops to seed first, as they sprout and cover the ground
quickly, grow late in the fall, and start early in the spring. If
possible, immediately after seeding a liberal sprinkling of straw
should be spread over the ground and a disk harrow run over it,
with the disks vertical. This will force the straw partly into
the ground, leaving the ends sticking up like a stubble. This
will tend to prevent drifting until the grain can cover the ground.

Alfalfa may be seeded at the same time, and the rye or
wheat then serves as a nurse crop, to protect against drifting,
and by the time the grain matures the alfalfa should be large
enough to care for itself. One year later than the first seeding
the intervening strip on which the brush was left may be cleared,
leveled and seeded in the same way. Water must be used
rather freely the first year or two, and means should be pro-
vided for using this in large heads, so that it may be run over
the ground quickly, before that first applied sinks below the root
zone. In such sandy regions it is well to cover the ditch banks,
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roadsides, and all other unoccupied areas, with vegetation of
some kind to prevent drifting of the sand. Rye is excellent
for this purpose, as it stands drought well, reseeds itself, and
never becomes a pest. Alfalfa serves the purpose even better
than rye, but requires more water, especially in youth. As
soon as a good stand of alfalfa is secured, no further trouble
need be encountered with that particular land, but it may still
be subject to danger from the drifting of sand from neighboring
fields. One or two ignorant, careless or unskillful farmers can
cause their neighbors immense damage by clearing and plowing
their land and leaving the soil to drift, filling laterals and roads,
and covering other fields with unwelcome sand dunes. No

Fic. 26.—Slip Scraper.

legal remedy has been provided for such offenses, and it is neces-
sary to give timely expert advice and exert all possible moral
pressure to see that the advice is carefully followed.

The cost of clearing mesquite, pines, juniper, cottonwood,
etc., varies widely with the size and density of the growth,
and the thoroughness with which it is done. Where the growth
is small and sparse, and grubbing is unnecessary, as on arid
benches, mesquite and pinon may sometimes be removed for
$10 per acre, while the heavy timber may run in some cases
considerably above $100 per acre. While some use can
usually be made of the wood, its value rarely approaches the
cost of clearing, and is generally but a small percentage
thereof.
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b. Leveling.—It is seldom that in its natural state irrigable
land has an entirely smooth and even surface, and though to the
unpracticed eye it may appear smooth, it generally has undula-
tions, which, however slight, interfere with the even application
of irrigation water. In attempting to irrigate such land with-
out leveling, the farmer will find that the water tends to accumu-
late in the depressions and over-irrigate them, while the ele-
vated spots receive little or no water. Much labor is expended
in trying to secure uniform distribution of the water, and the
results are not satisfactory. Failure to properly level the
land is one of the commonest errors of beginners under irriga-
tion, and is often fatal to success.

F16. 27.—Adjustable V for Making Head Ditches.

It is not desirable to make the land a dead level, but to
give it generally a smooth plane surface with slopes either
uniform or varying to suit the mode of irrigation adopted. If
the natural slope is considerable, and the furrow method of
irrigation is to be used, perfect smoothness is not so important
as with other methods of irrigation, but is still desirable.

Apparent smoothness sometimes leads the farmer to believe
that no leveling is necessary, but this is seldom the case.
More frequently the cost of proper leveling is the most important
item in the preparation of the land for irrigation, and it is a
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mistake to plant orchards, alfalfa or other perennials until this
is thoroughly done, or to plant any crop without a fair degree of
leveling. If any great amount of leveling is necessary, the
mounds must be scraped off and the soil used to fill the hollows, -
and after a year of irrigation, it may be found that the new
ground has settled, and further work must be done to achieve
satisfactory results. For this reason, it is often best to plant

Frc. 28.—Leveling New Land. Idaho.

some annual crop, as grain, or still better a row crop like beans,
on which the furrow method of irrigation can be used.

The amount and character of leveling required varies
somewhat with the method of irrigation proposed. The furrow
method can be used with less careful leveling than any of the
flooding methods, provided the slope is ample to force the
water through the furrows, and provided some pains are taken
to make the bottom of the furrow more uniform in slope than
the ground surface, by deepening the furrow across mounds,
and making it shallower across depressions.
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When the border system is used, the ground between borders
should have a uniform slope parallel to the borders, and per-
fectly level transverse thereto. This will make each border a
miniature terrace, to correspond to the slope of the head ditch,
and will minimize the labor of irrigation. If the check system
is to be used it will result in miniature terraces in both directions.
It will be seen that it is important to have in mind the system
to be used, before the leveling is done.

The scraping down of mounds and the filling of hollows is
best accomplished with the Fresno scraper, shown in Fig. 29.
Its adjustments are such that it may be made to take off a

F16. 29.—Fresno Scraper.

thick or thin coat of earth, and in dumping the load, it can be
made to spread the earth in as thin a layer as desired, and to
leave it fairly level. These are important advantages peculiar
to this implement. The Fresno can be used for hauls of any
distance, but it is not very advantageous for long hauls. It is
also suitable for making ditches, dikes, and any other scraper
work where the haul is not great enough to require wheels.
The final leveling may be accomplished by a cheap device
called a “ float,” drawn by three or four horses. (Fig. 30.)
Where the leveling is merely local and no haul required,
the ordinary road machine on four wheels carrying an adjust-
able blade is sometimes used, and is very useful where available.
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The cost of leveling varies from a few cents per acre to the
maximum amount that can be afforded, and depends on the
amount of dirt and the distance it has to be moved. In some
localities the cost of leveling determines whether land is irrigable
or non-irrigable, and cases occur where from $6o0 to $75 per
acre is spent on leveling alone. On steep hillsides successful
irrigation may require the surface to be graded into terraces,
and in Southern California several hundred dollars per acre is
sometimes spent on such preparation.

F16. 30.—Float for Leveling Irrigable Lands.

¢. Ditching.—Farm laterals must be provided to lead the
water from the irrigation system to the high point or points on
the farm, and a head-ditch must be provided to conduct the
water along the upper edge of each field. Then if the check
or border methods of irrigation are to be used, it will be neces-
sary to provide the levees needed. Some work on the larger
laterals may be done by means of the slip scraper, illustrated
in Fig. 26, but most of it can best be performed with a plow
and a V or crowder, which is a wooden A-frame, shod with
iron and steel drawn by two or three horses. It can be easily
made on the farm of standard materials found in any town,
and is very useful not only in irrigation, but for road grading as
well. See Fig. 27.



CHAPTER IX
APPLICATION OF WATER TO THE LAND

. I~ A few cases, under special conditions water is applied to
plants through pipes, by sprinkling or otherwise, as in the
irrigation of city lawns, and some flower and vegetable or truit
gardens. A few orchards are supplied from subterranean pipes
with a spigot at each tree. These methods are expensive and
exceptional and are employed only on a relatively small scale.
More than gg per cent of the application of water in irrigation -
is from open canals and laterals, although the conveyance of
water in cement pipes to avoid percolation losses is growing
as the value of water increases in various localities under special
conditions.

1. Methods of Irrigation.—The usual methods of applying
water to land may be divided into two general systems namely:
the flooding system and the furrow system. Each of thesee
general systems may in turn be subdivided into two special
methods, thereby constituting four methods, more or less
distinct, as follows:

1. Free Flooding.

2. Flooding between Borders.

3. Furrow Irrigation.

4. Corrugation Method.

a. Free Flooding.—This method is the earliest and crudest
method of applying water. When carelessly employed it is
wasteful of water and secures indifferent results, being apt to
slight certain parts of the field, and over-saturate other parts;
but when applied with skill and care good results can be secured.
This system is applied by providing sublaterals on contours
across the field on a fall of from 1 to 3 feet per thousand, and
leveling the field between these sublaterals. To apply the
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water, a temporary dam of wood or canvas is inserted in the
ditch, causing it to overflow on the lower side, or to discharge
its water through openings in the lower bank; and shovel in
hand, the irrigator coaxes the water to all parts of the ground,
leading it to the dry places by clearing away obstructions, and
checking it with shovels of dirt where it runs too freely. If
the field be carefully leveled, the ditches carefully located and
constructed, and the irrigator uses sufficient skill, large heads of
water may be used, very good results may be obtained and a
field may be thus irrigated very quickly.

In a modification of the free flooding method commonly used
on steeper ground than the method just described, a'series of
dikes on contours are provided roughly parallel to the lateral,
and the ground above the dike is leveled so that it can be
readily flooded. Another dike below the first facilitates the
flooding of a lower level, each dike forming a small terrace. This
may be extended down the hill to several levels, the water being
drawn from one level to the next lower through a pipe or tile,
or carried down in a small sublateral. This system merges into
the terrace system common in hilly countries, especially in India
and China, and to a limited extent in Southern California.

o b. Flooding between Borders.—In this system parallel dikes
are provided running nearly normal to the farm laterals, generally
down the steepest slope of the field, which, however, should
not exceed 4 or 5 feet per thousand. These dikes, usually called
“ borders ” are from 40 to 6o feet apart, and 5 to 8 inches high,
with gentle side slopes, forming gentle undulations over which
machinery can pass with ease. The border should not be more
than 400 or 500 feet long, to the next cross lateral below, and in
flat country may be from 200 to 300 feet. The steeper the
slope, the longer and narrower may be each “ land,” or “ strip.”

To apply the water the lateral is obstructed by a temporary
dam at the second ““ border "’ at the top of the field, causing
the lateral to overflow uniformly between the first and second
borders. If the ground is properly leveled and an ample
head is used, the water flows slowly and uniformly several
inches deep between these borders as in a broad shallow canal to
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the lower end of the strip. When a sufficient amount of water
has been turned on to the strip to thoroughly wet it to the
lower end, the temporary dam is removed from the head of the

F16. 31.—Using Canvas Dam.

second border, and placed in the lateral at the head of the
third border, causing the lateral to overflow between the second
and third borders, and this process is repeated across the field.

F16. 32.—Steel Dams.

Experience will soon teach the irrigator to judge closely when
enough water is started down the strip to accomplish its mission
without the waste of much water, or the over-irrigation of any
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part of the strip. Skillfully employed, with large heads of
water, land properly leveled, and laterals properly constructed,
this method secures good results, and is the most expeditious of
all the methods here described, provided the topography and
slope are favorable.

To secure good results economically, this system requires
careful and thorough preparation of the field. There should
be no side slope between the borders, so there will be no tendency

F16. 33.—Diverting Water from Head Ditch by Canvas Dam, Shoshone Valley,
Wyoming.

of the water toward one side of the strip. Provision should
" always be made so that the waste water at the lower end of the
strip shall be received into the next cross lateral and utilized in
irrigating the lower lands. The strip should be of such length,
and the head of water used of such volume that the water will
reach the lower end of the strip before much water has time to
waste into the subsoil on the upper end where it is turned on.
Thus the details must be worked out with reference to the
character of the soil, the slope, and the head of water available.
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The border system is especially recommended for the irriga-
tion of open sandy soils, because it is the system best adapted
to the safe and economical use of large irrigating heads. If
small quantities of water are turned on very loose sandy soils,
the rapid downward movement absorbs so much water that little
is left to flow to the lower end of the field, and it moves along
the ground so slowly that the major portion of the water is lost
by dropping below the plant roots. A larger quantity applied

F16. 34—Drawing Water from Head Ditch through Small Pipes, Riverside,
California.

to the same ground percolates downward as.fast but no faster,
but by its volume, moves rapidly over the field, and the irriga-
tion is accomplished before much water is lost, provided the
ground is well prepared and the i.rrigation performed with
skill. Previous preparation, however, is very important.
Experiments on sandy land near Hermiston, Oregon, in the
Umatilla, Valley illustrate this fact: Two tracts of land of the
same size on similar soil were irrigated by the same man, using



116 APPLICATION OF WATER TO THE LAND

Fro. 35.—Field Prepared for Irrigation by Checks.

F16. 36.—Border Irrigation in Nevada.
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a head of 3} cubic feet of water per second. To the first plot
3.5 inches of water was applied in one hour, and it was well
irrigated. To the second tract 16.8 was applied, which required
43 hours of labor, to accomplish the irrigation. The first field
was bordered and well leveled, with turnouts of good size.
The second field was irri- PLAN

N

gated by free floodings, and ML Cheek Leyee it 2

had not been properly
leveled. Its irrigation cost
for labor and water, 43 times
as much as the first field,
and the results were not so
good.

¢. Furrow Irrigation.—
This system is specially
adapted to the irrigation
of crops growing in rows,
though it can be also ap-
plied to others. It provides
for turning the water into
furrows which run across
the field in the direction
of greatest slope unless this
is excessive, in which case  ,; cross secion on as.
they should follow the grade **ZIIIITITIT T TTR—AA
on which a furrow full of i
water will run freely without F16. 37.—Diagram Illustrating Flooding
erosion. The furrows should in Rectangular Block. Cowgill.
be from 2 to 4 feet apart, depending upon the slope and
the nature of the soil. If the slope is steep and the soil
relatively tight, they must be closer than under the reverse
conditions, as the subsurface of the ground between the furrows
must all be thoroughly wetted by the time the irrigation is
completed. The water is allowed to run in each furrow until
there is sufficient to run through to the lower end, which is
generally a distance of 200 to 400 feet to the next cross ditch.

Furrow irrigation is better adapted than the flooding methods
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to undulating fields and steep slopes, upon which the furrows can
follow such lines as will secure the most desirable grades. It
also secures a thorough wetting of the root systems of the crops,
without wetting the top of the ground except in the furrows
and thus to some extent avoids baking. It has a tendency to
encourage deep rooting. and does not promote shallow rooting
as do flooding methods of application. After furrow irrigation

~

F16. 39.—Furrow Irrigation of Cabbages, Yuma, Arizona.

it is practicable to get over the ground sooner with a cultivator,
which is very desirable. For these reasons if skillfully used
it is more economical of water than the flooding methods.
The size and length of the furrows will depend upon the soil
and slope, the closer soils and steeper slopes permitting longer
furrows between cross laterals.

d. Corrugation System.—This is a modification of the fur-
row system that combines some of the features of the flooding
methods also. It is generally an adaptation of furrow irriga-
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tion to crops not planted in rows, such as grain and alfalfa,
and is more applicable to rolling topography than the flooding
methods proper. .

After proper leveling of the minor inequalities of the sur-
face, usually immediately after planting, while the ground is
soft, a series of parallel grooves are made with a machine con-
structed for the purpose, resembling a short wide sled with
several runners, each of which makes a groove in the soft ground,

F16. 40.—Furrow Irrigation on Terraced Hillside, California.

several inches in depth, from 2 to 3 feet apart, depending on
the soil and slope, the closer spacing being required by tight
soil and steep slope. The grooves are longitudinally given a
gentle grade, so as to conduct the water gently along in the
direction required, and prevent it running down the steepest
slope, so as to avoid erosion.

e. Leveling.—All these methods of applying water to land
require thorough and careful preparation for the best results,
especially the leveling of the surface inequalities.
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F1G. 42.—Orange Trees Irrigated by Check System, Salt River Valley, Arizona.

F1G. 43.—b‘|£mw Irrigation of Orange Grove, Riverside, California.
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2. Sewage Disposal.—One of the most important and
difficult problems with which municipal engineers have to
deal in that of sewage disposal. In the humid regions where
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F16. 44.—Extent of Percolation from Small Furrows: A, in Loose Loam; B, in
Hardpan; C, in Impervious Grit.

the large cities are usually found very close to rivers of some
magnitude or near the ocean, the sewage has usually been dis-
posed of by discharging it into the natural waterways and
allowing it to be carried off to the ocean, more or less of the im-
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Prc. 46.—Irrigating Corn with Sewage, Plainfield, New Jersey.

F1G6. 47.—Furrow Irrigation of Apple Orchard, Idaho.
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purity being removed first, in many cases. In the arid regions,
this method of disposing is not so easy of accomplishment,
because of the lack of waterways into which to discharge it.
Difficulties have also been encountered in the older inhabited
portions of the country, because of the large amounts of sewage
contributed by the dense population at short intervals along
the waterways carrying small quantities of water.

Because of the difficulties of disposing of sewage by dilution
just referred to, and in some cases with the idea of utilizing
the fertilizing properties of sewage, other methods of disposing
of sewage have been employed, most of them recently developed.
However, the use of sewage for irrigating land has been employed
for centuries. The sewage of Edinburgh has been so used
-for an unknown number of years, certainly several hundred,
-and in the Craigentinny meadows, originally a waste of sand
dunes, 250 acres irrigated with sewage have been yielding crops
of hay and Italian rye grass for one hundred and fifty years. In
1858 the first scientific investigation of this use of sewage was
made in England, and a number of English towns began to
construct sewage farms. One of the areas was at Aldershot,
constructed in 1864, where the sewage of 20,000 people is used
for irrigating about 120 acres. The soil here is coarse sand
with a very fine sand subsoil.

In this country irrigation was employed in a number of
Eastern cities shortly after 1870, but has been practically aban-
doned in the Eastern States. On the other hand, it has been
increasing in arid sections of Western ones. At the present time
(1918) there are known to be thirty cities and towns in Cali-
fornia that dispose of their sewage by irrigation, one in Arizona,
one in Kansas, two in Oregon, and three in Montana. In the
Eastern States there are believed to be only eighteen cities or
towns where sewage irrigation is practiced, three in Connecticut,
one in Massachusetts, one in New York, nine in New Jersey,
two in Pennsylvania, and two in Virginia.

"~ A process very similar to irrigation is used for disposing
of sewage known as “intermittent filtration ”’; in- fact, it is
difficult to draw the line sharply between the two. In inter-
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mittent filtration the sewage is run over the land for a short
period and then the flooding ceases while the land absorbs
and digests the sewage already received; then, after a brief
rest, the same land is again flooded. Ordinarily no crops
are grown upon such land, but the top soil is kept loose so as to
more readily absorb the sewage. In intermittent filtration the
controlling purpose is to dispose of the sewage in a sanitary
manner and to produce an acceptable effluent; in the case of
irrigation or sewage farming, on the other hand, the controlling
purpose is to utilize the sewage to the best advantage in raising
crops, purification of the sewage being a secondary purpose.

3. Sewage Irrigation.—The utilization of sewage by broad
irrigation requires the employment of a much larger tract
than for intermittent filtration, one acre of land being sufficient
to utilize the sewage of from 5o to 200 people, while intermittent
filtration on favorable soil the sewage from 500 to 1500 people
per acre can be purified. If it is desired to use more sewage
in irrigation than that named above, this is possible, but
generally only at some sacrifice to the best results from the crops.

The water returned by the soil to the natural drainage
channels is pure enough to be harmless for any purpose, except
for human consumption, wherever all of the sewage passes
through the soil; although, of course, if any of it runs over the
surface into the drainage channel, such purification is not
obtained. One of the most serious objections to the disposal
of sewage by irrigation is the fact that the farmer must take
the sewage at all times, even though he has more than he wants
and it injures his land, unless it be possible for him to waste
the sewage directly into drainage channels. It has been found,
however, that a combination of the above methods, in which
intermittent filtration is used as a supplement to broad irriga-
tion, practically overcomes this advantage and is the most
satisfactory method of disposing of and utilizing sewage on land.
This is done by laying out a small portion of the land as a filter
bed, and discharging the sewage onto this at such times as
it is not needed in irrigation. Where this plan is practiced
it is necessary to turn the sewage onto the filter beds for a few
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hours at a time, about once a week, in order to keep alive in the
soil the purifying bacteria.

Irrigation in America has been practiced in two ways, by
broad irrigation and by subsurface irrigation; most instances
of the latter use having occurred in the Eastern States.

4. The Fertilizing Effects of Sewage.—Sewage used for
irrigating acts in two ways—supplying water to the soil, as in
the case of water irrigation; and, besides, contributing fertilizing
matter to the soil. Sewage contains varying amounts of nitro-
gen, potash and phosphates, different authorities calculating
that the amount of such chemicals in 1,000,000 gallons of sewage
would have a theoretical value of from $40 to $125. Some of
these constituents, however, may be only partly available for
manurial purposes, or may be carried on beyond the reach of
growing crops by the water that is drained from the soil. Others
may be retained at or near the surface and later penetrate
the soil very slowly if at all. Sewage generally contains more
or less grease, which tends to clog the pores of the soil, and also
filaments of cloth and paper, match sticks and other insoluble
materials that collect on the surface and form a sort of mat.
These may be dug under, but doing so is of doubtful value.

Experience on European sewage farms, notably at Paris
and Berlin, appears to indicate that farmers are willing to pay
more for land irrigated with sewage than for that which is not.
In this country, the conclusion seems to have been generally
reached that sewage is of little if any more value for irrigating
than is plain water, but on the other hand, it is not considered
to be less valuable; and in arid districts where water is needed
for irrigating and where sewage can be used for this- purpose
at no greater expense than that required for obtaining other
water, irrigation with sewage is being adopted more and more
generally. One of the latest towns to take up sewage irrigation
was Tucson, Arizona, where, after using sewage in this way on
a small scale for seventeen years, arrangement was made in 1918
to irrigate 483 acres of farm land with the sewage of the city,
for which the city is receiving about $10 per acre per year.

All kinds of vegetables, grains, and trees that are raised
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by irrigation can be grown on sewage farms; but lettuce,
radishes, berries and other edible vegetable products that are
eaten-raw and could in any way come in contact with the sewage
should not be grown on such farms because of the danger that
germs in the sewage might cause typhoid fever in the consumers
of the products of the farm. An epidemic of sixty-three cases
of typhoid fever at a Massachusetts insane asylum was traced
to celery fertilized by sewage. On the Paris farm the cultiva-
tion of strawberries, salad crops and other vegetable products
that are freely exposed to the sewage and then eaten raw is
prohibited.

5. Effects of Sewage Irrigation on Health.—Fears are some-
times expressed that sewage farms would be dangerous to the
health of the neighboring districts and that crops grown on them
would be unwholesome. These fears, aside from the danger
of direct contact with the edible parts of vegetables referred to
above, have proven groundless and sewage farming, while it
satisfies the sanitary conditions, at the same time gains for
agriculture a source of fertilizer as well as of water which would
otherwise run to waste. The crops themselves, in utilizing the
sewage, transform all of the dangerous and objectionable mat-
ters, just as they do in utilizing manure and other fertilizing
materials. There is therefore no danger from sewage matters
absorbed by the plants.

It has been quite fully demonstrated that there is no danger
to health in any odors, gases, or vapors that may arise from
sewage on a sewer farm. It is conceivable that disease germs
might be carried from the sewage by flies or other insects,
but experience indicates that such danger is very slight, there
being no cases on record of disease which has been communicated
in this way. As to sewage matters which may be deposited on
the surface of the soil, thorough tilling of the soil after each
flowing of sewage is essential, and it is by the creation of a
proper tilth that the aeration of the sewage and incorporation
of the solid matter with the soil is accomplished. This prevents
the accumulation of sewage matters on the surface and further-
more any danger to the salubrity of the surrounding country.
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When sewage is run on the land, there is at times a perceptible
and faintly disagreeable odor, especially under certain atmos-
pheric conditions, but this odor is not perceptible more than a
few hundred feet away, and as soon as the soil has been culti-
vated it entirely disappears.

6. Duty of Sewage.—At Pasadena, California, the sewage
of 6ooo people is used in irrigating about 4q acres of the land,
or about 1 acre to each 150 inhabitants. At Los Angeles
(previous to the abandonment of the farm and the carrying
of the sewage to the Pacific, due to the spread of the city over
the land available for irrigation) the entire sewage, which
averaged 105 second-feet flowing constantly, was used in irri-
gating 17 acres. This is the sewage of 50,000 people and it was
therefore employed at the rate of about 3o individuals per acre;
also at the rate of about 40 acre-feet per acre per annum. On
the average, possibly, western irrigated land uses during the
irrigation season about 10,000 gallons per acre per day, or the
sewage of about 8o persons per acre.

Prof. Wilson has stated that with few exceptions the irri-
gating duty of sewage is less than that obtainable with clear
water, raw sewage seldom serving more than one-third to one-
half as much area as the same quantity of clear water, owing to
the surface of the soil being clogged by the solids in the sewage,
which causes much of the water to run off without soaking in.
This disadvantage can be removed to a considerable extent by
previously clarifying the sewage, removing all of the coarse
suspended matter. The objectionable reduction of duty by
clogging may not interfere with the use upon the land of as
much sewage as is desired for crop irrigation, but this limitation
may become objectionable only when the problem is one of
disposing of sewage on the minimum amount of land.

7. Methods of Laying Out Sewage Farms and Applying
Sewage.—In preparing land for sewage irrigation it must be
remembered that the sewage cannot be disposed of continu-
ously on the same piece of land with benefit to crops, but that
it must be rotated from one plot to another so as to give each a
rest and permit of the soil being cultivated and the crops handled.
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With this end in view, it has been found that the most satis-
factory way of laying out a sewage farm is to divide it into
many very small tracts or plots of about one acre in extent each,
so arranged and subdivided by distributing channels that the
sewage may be applied to them separately and independently.
Experience has shown that first of all the soil must be of suitable
texture, and care should be taken to choose a location in which
may be found a deep and light surface soil, underlain if pos-
sible by a deep and porous subsoil, preferably of sand and
gravel. If the slopes of these are such as to furnish good natural
drainage, no difficulty is likely to arise in utilizing such land
for a definite period of time under proper treatment.

After a suitable soil has been chosen and the land has been
under drained or otherwise suitably prepared, it should be
divided by open drains, preferably lined, into plots of from
200 to 400 feet on a side. The sewage should be brought to
the limits of the farm in closed sewer conduits, which must
be properly ventilated. It is desirable at the outlet of the
conduit at the entrance of the farm to construct a small storage
reservoir, suitably lined, since it may be necessary to retain the
sewage for at least twenty-four hours, and certainly over a
night, at times when it is not possible to use it. There should
also be, at the entrance to the farm, a coarse screen to keep
out the larger matters in the sewage; and it is very desirable
there should be in addition either a fine screen or a tank adapted
in size and shape to secure sedimentation of the suspended
matters which would cause the clogging of the surface of the
irrigated field. The matters collecting behind the coarse screen
may be placed in piles to dry and then burned, and that from
the fine screens or settling tank may be removed at intervals
and either plowed under the soil or dried and burned. The
storage tank and sedimentation tank (these may be combined
as one in many cases) are frequently covered to prevent dis-
semination of odors, but this is not generally necessary unless
the sewage reaches the farm in a stale condition, or the tank is
so constructed or operated as to permit deposits to collect
about it and putrefy.
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The most satisfactory way of applying sewage for irrigation
is through furrows between rows of vegetables, the simple
furrow method of irrigation (page 117) being employed. In
some cases, however, the emb nkment or check method has
been employed, more especially. in the cultivation of grain
and forage crops. After applying sewage to crops it is left
only so long as to permit it to become dry enough to work
when the land is thoroughly tilled and all solid matter is turned
under before the next application of sewage, while such a variety
of crops must be employed as to make the irrigation season as
long as possible. In irrigating walnut groves on the Pasadena
farm, the sewage is allowed to run on one area from four to ten
days and is then turned upon another area, the former area
being thoroughly cultivated or plowed as soon as it is sufficiently
dry to work, which is usually within two or three days. The
top soil is plowed under-occasionally, but not after each flooding,
only a thorough stirring with a cultivator being necessary as a
regular treatment.

During the non-irrigating period (the winter months),
the sewage may be flooded in rotation over various plots of
land and be permitted to filter through this and find its way
back to the natural drainage channels. Itis desirable, however,
to use precaution and not overcharge the land, and this may be
prevented by tilling it a f w times during the more open days
of winter. As soon as t e crops are to be sown in spring it is
desirable, should too great an accumulation of solid matter
appear on the surface, to rake this off or plow it under before
planting the season’s crops. Ordinarily sewage reaches the
irrigated land at a sufficiently high temperature to permit it
to remain unfrozen and to find its way by filtration into the soil
even during the winter; but in Northern climates this is not
always the case, and should the top soil once become frozen
it is almost impossible to thaw it again before spring. To
prevent this, it is desirable when cold weather is anticipated
to plow the farm into furrows about 18 inches apart. This
prevents the rapid chilling of the sewage that occurs when it is
spread in a thin layer exposed to the air, and should the surface
of the sewage freeze, the bottom of the furrow would still remain
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unfrozen and would be protected from the freezing air above
by the ice that would span the furrow from ridge to
ridge.

8. Subirrigation.—The term subirrigation denotes the under-
ground application of water to the roots of plants, as dis-
tinguished from its application to the surface of the ground.

There are two radically different methods of accomplishing
this result. One is to apply water to a portion of the surface
in such quantities as to bring up the ground water to an eleva-
tion where it can be reached by the roots of the plants. This
is called “ bringing up the sub.” It is a pernicious practice,
very wasteful of water and ruinous to the land. It leaches
out the plant food, it waterlogs large areas of land and brings to
the surface whatever alkali the soil contains. All these results
tend to destroy the fertility of the soil. On the Eginh Bench,
in the Valley of the North Fork of Snake River in Idaho, the
soil is very coarse, and requires frequent irrigation and large
quantities of water if surface irrigation is practiced. The water
supply is copious in May and June, but the river declines
rapidly in July producing a shortage in August. The farmers
on this bench have formed a practice of “ bringing up the sub.”
every spring. Water is applied copiously in large ditches
and by surface irrigation during May and June, while water
is abundant, and after the river has declined the ground water
remains high for several weeks, furnishing water for the plant
roots for a much longer period than if surface irrigation had
to be depended upon. As the subsoil is open, and has outlets
to the bottom lands and into drainage lines, the groumd water
drains out to the early fall, and the fall and winter precipitation
passing downward, counteract any tendency to rise of alkali.

The peculiar conditions on the Egin Bench render this
method a success although of course much plant food is carried
away by the excess waters. This, however, is the only case
known to the writer where “ bringing up the sub,” can be
considered anything but a pernicious practice.

In the San Luis Valley in Southern Colorado, where bringing
up the ground water by copious irrigation was deliberately
practiced for years, the result has been the ruin of hundreds of
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thousands of acres of fertile land by water-logging and alkali,
and has depopulated many towns and rural districts likea
pestilence. A cure will involve an expensive drainage system,
and the adoption of more rational methods of irrigation.

In many regions ground water is raised by wasteful methods
of irrigation, without any intent to subirrigate, but the result
is the same, the rise of alkali and the swamping of the low-
lying lands; in such regions there may be considerable areas
where the ground water is nearly stationary, at about the right
elevation to serve the plants without the surface application
of water. This may be convenient for a time, but the constant
upward percolation of water from the level of saturation to
supply the draft of plant consumption and evaporation soon
brings to the surface whatever alkali is in the soil, and if thisis -
considerable eventually destroys its fertility.

a. Pipe Irrigation.—The application of water to the roots of
plants underground, without bringing up the ground water,
by means of pipes, is the true method of subirrigation, and may
be made more economical of water than surface irrigation,
for it reduces evaporation from the surface, and also obviates
the losses due to percolation from unlined ditches.

In regions where water is valuable, it is becoming more and
more the practice to line canals and laterals with cement, or to
use pipe for distributaries instead of unlined ditches, which
often waste large quantities of water by seepage, especially
in sandy ground. The tile method of subirrigation is merely
an additional step in this method of water conservation.

The head ditches or “ mains ” may consist of vitrified clay
tile 4 or 5 inches in diameter with bell joints, sealed with cement.
They should be located along the upper side of the field, or
better still, should follow the crest of a ridge, so as to irrigate
in both directions. Branches which are to conduct the water
to the plants, are of smaller vitrified tile, usually about 3 inches
in diameter, and laid with open joints so that the water can
escape through the joint. Each joint should be protected by
gravel or cinders, from entrance of sand or loam that would
clog the pipe.
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At each point where an open joint lateral takes out from the
main, there should be a stop-box. This consists of a joint of
larger pipe placed vertically with the bottom end closed, and
the upper end open. Where two laterals join the main at one
point, the stop-box should be placed in the main, but where
only one lateral takes out, the stop-box should be at the side,
and not interrupt the continuity of the main. Where the
lateral or the main takes water from the stop-box, a plug or
slide should be provided to shut off the water when desired.
The laterals should have grades not over 4 inches nor less
than 1 inch per 100 feet, and should be from 12 to 135 inches
below the surface, or joint beyond the reach of the plow, and in
parallel lines 15 to 20 feet apart. Both the depth and the hori-
zontal intervals should be determined experimentally for each
combination of soil and topography. Where the grade is more
than 1 or 2 inches per 100 feet, it is best to place stop-pockets
in the lateral at intervals of 200 to 400 feet so that the water
can be checked and pressure produced to force the water out
at the joints. The checking is best performed with sliding
gates of galvanized iron. The length of time and amount of
water required for a proper irrigation varies of course with
the soil, the slope and other elements. To accomplish the
correct degree of saturation without overdoing it requires
great care at first, but experience with a particular field
system soon makes it much easier. It should be the aim to
bring the moisture within a few inches of the surface, but not
quite to the surface. Very young plants require the moisture
nearer the surface than older ones with deep roots, and as the
object of subirrigation is economy of water, care must be taken
to avoid over saturation, and escape of the water downward.

In Florida and other humid regions, where irrigation is
practiced, this and similar methods are used for irrigation during
drought, and for drainage in times of excessive rainfall. For
such double use it is necessary to place the tiles considerably
lower in the ground than when used for irrigation alone.

Underground application of water from pipes has not been
extensively practiced. It is expensive, and has not achieved
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the economy of water expected by some. It is moreover, sub-
ject to an important practical difficulty. The roots of growing
plants are apt to seek the openings in their search for moisture,
and to clog them and cause trouble. This is less apt to occur
with annual than with perennial plants and with row crops
set at some distance from the pipes than with those sown
broadcast.

In some valuable orchard tracts where water is scarce and
costly, it is conducted in iron pipes to individual trees and there
delivered by a branch or a spigot, above the surface of the soil
near the root of the tree. This avoids clogging the outlet with
roots. A modification of this is used in numerous localities,
mainly in humid regions for truck or small fruit gardens, where
the water is applied under pressure to the pipes, and discharged
in an overhead spray. In other cases a hose is used manipulated
by hand. :

As may be readily seen, all pipe systems of irrigation are
expensive, and practicable only for intensive cultivation of
valuable crops. The chief benefits of subirrigation, however,
can be obtained more economically by the furrow method of
irrigation from lined laterals, or pipes, and hence this combina-
tion is the one most generally in use in the citrus groves of
California, where irrigation water has the highest value attained
in any important district. By this means the water is applied
to the entire root zone, without wetting any of the surface
except in the furrows and immediately adjacent to them.
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CHAPTER X
DUTY OF WATER

IN order properly to plan a canal system, the designer must
first decide upon the probable “ Duty of Water ” in the locality
under consideration.

By “ Duty of Water ” is meant the area which can be served
by a unit quantity of water. This may be expressed in two
different ways. The most common practice is to speak of the
area that can be served by a running stream of a unit volume,
as “ one cubic foot per second will serve 100 acres.” It may
also be expressed as the depth of water in one season required
by the land in question. The former relation is the one necessary
to determine the area that can be served by a natural stream
without storage, and also dictates the necessary capacity of the
canals. But when water is drawn from a storage reservoir
the latter relation determines the area that can be served by a
given volume of stored water.

The duty of water has been the subject of a vast amount of
study and much valuable data has been published regarding it.
Various factors affect the duty of water, the principal ones being
these:

. Length of season.

. Natural rainfall, and evaporation.
. Soil conditions.

. Crops raised.

Preparation of ground and ditches.
. Skill of the Irrigator.

Care with which water is used.

. Cultivation.

Most of these conditions are variable and are not susceptible
of accurate determination in advance. Nevertheless, some deci-
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sion on duty of water must be reached, if we are to build an
irrigation system.

1. Length of Season.—The arid portion of North America
may be divided roughly into three general types as regards
length of season and requirements for irrigation water, based
thereon.

1. The northern division with short season, cool nights,
and cold winters, comprising Canada, Montana, Wyoming and
the Dakotas.

2. The southern division, with growing season nearly or
quite the year round, long summers and mild winters, com-
prising California, Southern Arizona and Mexico.

3. The central division, with growing season of 5 to %
months, warm summers and mild but frosty winters, comprising
the greater part of the rest of the arid region.

Of course, these divisions merge in each other, and two classes
are often represented in the same State. For example, the San
Luis Valley in Southern Colorado belongs distinctly in the
first division by reason of its high altitude, while the other
principal valleys of the State, although further north, are milder,
and belong to the third division. Similarly, other localities
may not belong in the division their latitude would indicate.

The northern division, because of short season, requires .
less water than the others, but in the middle of the season
requires a greater quantity within a short period while the
crops are making their most rapid growth, due to the long days
of midsummer, while the hours of sunlight are at their
maximum. Experience shows that in northern regions the
delivery capacity of the irrigation systems must be larger than
is required in the more southern climes, although the total
quantity of water delivered during the season is much
less.

2. Natural Rainfall.—Any precipitation occurring in the
growing season takes the place of a certain amount of irriga-
tion water that would otherwise be necessary. Unless the
shower occurs just after an irrigation so as to be largely super-
fluous, or is so heavy that much of it runs off the surface or
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passes away through the subsoil, the rainfall replaces an equal
quantity of irrigation water. In humid regions the natural
rainfall is sufficient to mature good crops without irrigation.
In semi-arid regions the same is true in a less degree, but irriga-
tion, if feasible, can greatly increase the yield. In the arid
regions the rainfall may be anywhere between zero and twenty
inches in the growing season, and of course its amount and the
time and manner of its occurrence profoundly affect the quan-
tity of irrigation required. Even the precipitation of the fall
and winter months has an important effect on the soil moisture
available in spring and summer, especially if suitable precautions
are taken to conserve this by proper cultivation. But as the
natural rainfall varies from year to year, both in quantity and
in time of occurrence, it is necessary to consider chiefly the years
of lowest precipitation when planning the irrigation system.
The water evaporated from the soil is of course not available
for plants, and varies widely with climate, and with precautions
to conserve it by cultivation.

3. Soil Conditions.—As we have seen (Chapter III), a
loose sandy soil will not hold as much water as one of closer
texture, and if the subsoil is also coarse it may be difficult to
apply sufficient water for plant needs without large losses
through the subsoil. Where the subdrainage is very free and
the soil sandy and coarse, the temptation to over-irrigate is
very great, and instances are known where farmers have applied
sufficient water to cover the land to a depth of over 20 feet in
a single season when the actual needs of the crop were perhaps
only 10 or 15 per cent of that amount, the balance escaping to
the ground water table, carrying with it much valuable plant
food, and injuring neighboring lands.

4. Crops Raised.—Some crops require less water than others.
Grains, for example, require less water for best results than
alfalfa, and more than some fruits. It is therefore necessary to
make some assumption as to what proportion will be planted
of each crop adapted to the region. This proportion manifestly
cannot be accurately predicted, and is, moreover, sure to change
with time in a manner impossible to foretell.
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5. Preparation.—If the fields be not properly leveled, an
excess of water must be applied to some of the land in order to
wet the remainder, and much may be wasted. If the sub-
laterals and farm ditches are not of adequate capacity or the runs
are too long, the upper ends will receive too much water before
the water reaches the lower ends. In many ways the manner
of preparation for the use of water will affect the economy of
such use.

6. Skill.—Closely related to the preparation for irrigation
is the skill with which the existing facilities are handled. This
will vary with the experience of the farmer or of the help he may
employ.

7. Care.—Even with adequate facilities and skill, the water
may be wasted by carelessness if the necessity of care be not
realized. Where water is abundant, its wasteful use is universal.
The best insurance against careless handling as well as against
poor facilities is to vary the water charges with the quantity of
water used.

8. Cultivation.—If the surface of the soil is kept loosened
to a considerable depth, and the fields are kept clear of weeds
which would consume a great deal of water, a much higher.
duty of water can be attained than if the cultivation of the soil
is neglected.

It will be noted that all except the first three of these con-
ditions depend mainly upon the individual irrigator, and con-
sequently cannot be predicted, and will vary with different
irrigators, and with the same irrigator as he improves his practice.
The duty of water must, moreover, be considered in two stages:

First, the ““ net duty,” or the quantity actually used on the
land.

Second, the “ gross duty,” or the quantity that must be
diverted from the stream, or stored in a reservoir in order that
the net duty may be fulfilled at the land. It, therefore, includes
all losses from evaporation waste and seepage to which the water
is subject before it reaches the farm.

The first question to be considered is the quantity of water
actually needed by the various crops. Elaborate experiments
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under various conditions of soil, crops and climate have been
made by the U. S. Department of Agriculture and the various
State Experiment Stations on this subject.

9. Utah Experiments.—The following table shows the aver-
age results from a large number of experiments at the Utah
Experiment Station, Logan, Utah, on fine sandy loam:

TABLE XX.—ACREAGE YIELD OF VARIOUS CROPS FOR VARIOUS
QUANTITIES OF IRRIGATION WATER

Inches . Orchard- Sugar
Wheat,| Corn, Alfalfa, | Timothy, Oats, Potatoes.
whe| Ba | Bu | “Lbs | Lbs | &% 1 Bu' | Bu | Beets
5 37.8 1 ........ 9,200 |........| 2,526 62.3 154 13.8
7.5 | 41.5 79.1 [........ 3,082 ...l 182 |........
10 43.5 | 89.5 9,884 |........ 2,829 54.8 195 18.6
15 45.7| 93.9 | 7,546 | 3,844 | 2,685 71.5 227 19.5
20 |...... 91.6 9097 |.vveeiifinee....l 80.7 267 21.3
25 46.5 | 99.2 9,354 |-....... R PO
30 48.0| 97.1 8,840 6,054 |........ e 244 20.8
40 ool 4,042 79.1 250 |........
50 49.4| 96.0 10813 |........|........ R IR 24.5
60 |....|ieeenini]ienean 8,406 5,270 |........ 304
100 |..o.oofeeeeiiiifiiee 2,214 LIO2 |...vevi]oeniiid]ieia,

The above results have been substantially confirmed by
other experiments, showing generally some increase with in-
creasing amounts of water, but not by any means in proportion
to the water used. In fact as will be seen by Table XXI
the amount of product per unit of irrigation water decreases
rapidly as the amount of water applied increases. These
figures are obtained by reducing the results of the same
observations.

The application of more water above a moderate amount
not only gives little increase in yield of most crops, but actually
diminishes some, and in nearly every case decreases the quality
of the product. In all crops so far observed, the increase of
water decreases the percentage of protein or nitrogenous com-
pounds, which form the most important food element. The
grains are made softer, and tend more to straw. Alfalfa and
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other hay crops produce a greater percentage of woody material
worthless for food as water is increased, potatoes and beets
are made more watery and woody, and an excess of water upon
cotton is distinctly hurtful.

TABLE XXI.—YIELDS OF VARIOUS CROPS, PER ACRE-INCH OF
WATER APPLIED, FOR VARIOUS QUANTITIES OF IRRIGATION
WATER :

|

Depth of Wheat, Corn, Potatoes, [Sugar Beets, Alfalfa, Carrots.
Yaterin | Bushel por | Bushels por | Bushels per | fonsper | Founds | fons
5 7.6 L. 31 2.8 Ce.
7.5 6.4 6.1 24 2.2
10 4.3 5.8 20 1.9 088
15 3.0 4.6 15 1.3 503 1.6
20 3.0 13 I.1 455
2§ 1.9 3.2 374 0.9
30 2.7 8 0.7 295
40 1.3 6 0.8
50 1.0 1.4 0.5 216
60 cen ce 5 Ce. cen 0.6

100
|

In most arid districts where irrigation is possible, the area of
arable land is far in excess of the water supply, so that the limit
of production is the available water, and the economy with
which this is used has a profound effect upon the product, as
shown by Table XXII, showing the results of applying a
given quantity of water to various areas. These figures are
obtained by reduction of the observations at the Utah Experi-
ment Station, given above.

As irrigation water always cosis something, even when most
abundant, and as it also costs something to apply it, it is always
economical to apply less than the quantity giving the maximum
yield, and generally, when both cost and value of results are
given due consideration it pays to stop far short of the
maximum.

The natural precipitation available for plant growth includes
not only that which falls upon the growing crops, but such
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portion of the winter precipitation as is retained in the soil
within the zone of plant root feeding. The amount thus retained
depends partly upon the natural soil and climatic conditions,
and partly upon the efforts which are made through cultivation
to facilitate its absorption and retard evaporation.

TABLE XXII.—YIELDS OF DIFFERENT CROPS FROM THE APPLICA-
TION OF 30 INCHES OF IRRIGATION WATER TO VARIOUS
ACREAGES

1 Acre 2 Acres | 3 Acres | 4 Acres | 6 Acres
Wheat (bushels) .............. 48 91 130 166 227
Corn (bushels)................ 97 188 268 316 e
Alfalfa (pounds).............. 8,840 | 15,092 | 29,652 .... | 55,200
Timothy (pounds)............ 6,054 7,688 ... | 15,028 e
Potatoes (bushels)............ 244 454 585 728 924
Sugar beets (tons)............. 20.8 39.0 55.81 ..... 82.8

10. Agricultural Department Experiments.—By a large num-
ber of careful measurements, it has been found that in the
Inter-Mountain Region with about 8 inches of rain; the amount
of water required on loam soils for best results varied from 1
foot to 3 feet in depth c¢n the land, in the season, the average
being 1.5 feet for grain and row crops, and 2.5 for alfalfa. Under
normal conditions of diversified farming an average of 2 feet
in depth is sufficient for the crops, but an allowance of 10 to 20
per cent should be made for waste under good conditions,
and if the soil be very sandy, or have an open subsoil within
5 feet of the surface, it will be difficult to avoid large losses
into the subsoil, and allowance for this must be made, which
may run very high in some cases, unless extreme care is taken
in applying the water. The average uses on the Minidoka
Project in Southern Idaho, having a wide variation in soil
conditions varied from 2.5 feet for loam soils, to 12 feet for
sand with gravelly subsoils.

The following table is the result condensed from a number
of careful observations:
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TABLE XXIII.—OPTIMUM QUANTITIES OF WATER FOR VARIOUS
CROPS, ON RETENTIVE SOILS, WITH GOOD CULTIVATION

Max. Yield Optimum Page
Potatoes (clay loam) .................. 20 24 inches, Bark 47
Potatoes (sandy loam).................. .. 24 inches, Utah ..
Sugar beets (fine sandy loam) ........... .. 30 inches, Utah | 48
Sugar beets (clay loam)................. .. 30 inches, Utah | ..

From measurements on more than 1oo farms in Southern
Idaho, in 1915 and 1916, Bark concluded that average diversified
farming on loam soils, required an average monthly application
as follows:

April......... . 1 per cent of total application

May  ....... 19 “ “ «

June........... 28 “ « «“

July........... 33 “ “« «

August......... 17 “ “ «

September 1-15 . 2 “ “« «
Total. . .... 100

The percentage required in April and September would be
greater in a warmer climate with longer season, which would,
of course, diminish the percentage in other months.

11. In the U. S. Reclamation Service it has been the general
practice to measure the water used in irrigation, and the exten-
sion act passed in 1914 requires maintenance charges to be
fixed according to the amount of water used, a practice pre-
viously followed on a few of the projects. As a result, we have
a good deal of accurate data on water duty upon those projects.
Some of these data are condensed in Table XXIV.

Familiarity with local conditions lends increased interest
to the above table. The first important condition is the length
of season, the projects in Southern Arizona having a season
of 365 days, while all the rest have shorter seasons. Notwith-
standing this fact and the further fact that they receive less
than 8 inches of rainfall, the total quantity of water applied
per acre is less than upon many of the projects of shorter season



145

AGRICULTURAL DEPARTMENT EXPERIMENTS

'$[83338] 03 SILIAIPRP juIsAIdAu

saIn3g a1agm 329fo1d apuwsn ory 3dadx3 S96ED [[¢ UI SUIIE] [ENPIAUL 0} AIIANIP PIINSBIN ¢
*3JOUI JO $IBIA UI) SISED [[B A[JBIU Ul {51834 UIAS-A1IIY3 01 IAY JOJ SPI0III UO pIseq |

or'z | ¥€'z | zx'z [ g€z | go'z [ 99’1 | oz z | Soz Sir [ 20 TN R crrauoysoqs [ttt
of'z | S1z | €g'1 |60z |Lez|Llzrg 161 | €Lt €81 oL Creeup uodadly, |t :
91°'¢ | €5z [ €o'€ | 1€°€ | o1°€ | go'€ | go'€ | 6z°€ 14t Lg rert *J1up) apisfuung |*c e
oSz [0Sz | g€z |6S¢c|LSx|verx|Ller]|oghe €z1 S-zx IR *‘ueSoueyQ | .
WN.H v.” R R DECICETITERY PRI R LR 8n W.Vﬁ e e e e .%U—?\’QB&E“W DY .
12°1 | 18'0 | L€0 | Sk 1 | ¥b'x [o1x | b9 1 | S6°1 z§1 -2 S R Qo afpPg |
l6olzo'r |zr'x|Sox|Llr'x|€rx|€z:1|ggo €81 I3 44 srecercccccccccccylRmey [fcc
OM.Q 8.“ Nm.m OM.N Wv.m NM.w h. N.OH °~N w.w ................. G——_G“ED “e e
s ersae]ecans DI I Oh.u mm..u 8.0 Meﬂ.n Moo.n ow wm.n ....NﬂmﬂmE’&“ﬂOu—ﬂaﬁm.—hoz ...........SOu—NQ.z
va MN.O 06°S wom Vm..v otS 00'9 ' 4 bl 9°oI Ovﬂﬂho Om“ ..‘....m.ﬂxo.“_wl.v.oz .z
of'z | €vz|brz|obz|ofz|o0bz|ozz vz o9z [ 285 S R peqsue) | *CC OJIXIIN MIN
or'€ | z€€|¥6°z | gz'€ | 9z'z | oSz |ogbv| Sob g61 o'V Tttt UOSIRD~IMINIL, [ttt tepRAdN
fr'z | L1z |gf1|26°z|6bz|Scz|gzb|€6°€ €81 vvr s Rl YMON " *r oA IQIN
LL'x | Serx | ebr [ 6S 1| ¥Exr |61°1 | b1 | bbx €91 F2X} SR R UOISMO[dX JaMO’] |*° " * " *Yed "N—IUOI
ov.ﬂ ﬂﬂ-ﬁ H.N WN.H m.H hh.h mo.ﬂ ow.N wvﬁ N-Hh e e s e s e s -...ko;’m“nﬂ—m ......-.....“gnﬁvz
H°a~ ho.o 8.0 8.0 No.o Nw.o wm.u BRI °h~ o.v— ........ . .~..o-hu>m“ v——mz ............ “:“H:OH&
on-ﬂ ”H.ﬂ “o.o m!v.H mm-ﬂ om-ﬁ ww.H mo.ﬂ Momh w.WM .....-.--.-..-..-h”—“n—.ﬂm ..... )
OHun h~n o.m m.v o.m m-v o.m OW.N VH« O.NH ....... e .-....“xoﬂvmﬂ—mz D
Ou‘Mc g.m nwaﬂ N@.N w”.ﬂ Moo.H oh.ﬂ N@.H *hN w.NH .................... QVJmcm e esee e
8.m %.o ow.m 8.“ g-m H&-* $.W mﬂno V~N W-o ...... -.-..-2”&&&00:9 “ e e .
*W.Mo N*.N ....... DR FEREIRERY EECE R DR RO *HN v.w ........... .-%Q——“&’vﬂ—ﬂko ----------
om-n ho-* 3.” wo-v 'n ho.m o.” “e e ONN Nh .......... DI v:.—w—ko R A I
OB-” ON.Mo ;M; 8.ﬁa @Mo.* 8.* W*.W OM.” m@Mo O.N .............. DEIRRY NE-> ....... Y
No.ﬂ QW.N 8“ No.ﬂ hQ.N vo.w wm.” 8.” W@W w ................ k0>a ﬁﬂdw ..........
L161 | 9161 S161 | ¥161 £161 z161 1161 | 0161 skeq . sayoug
L | iosd | e wotoig s
s SMOY wad 1IWA-TAOY ‘Alnq UONEBLI | | S3uiany

S1OA[04d NOLLVIWVTIOTY 'S ‘N NO @dS( YALVM 40 INAOWV ATIVIA—AIXX ATdVL




DUTY OF WATER

146

‘UmnIod 18] UY UMOYS se dn dpem 2818y 3suTede PIjIPaId st Inqg ‘A3uenb ogroads Lue 03 S[11IUI J0U $IOP IBIVYD WNWILLR ¢

.mOEH— .—Oﬁwc Om. “ @ Ou N=< 0} Ou OEQH mh * . - 20 S R I I OEOJOOSW ............ wE—EQAB
omQEH« hoao 8 “ © hW w=< Oﬂ oz U:—._H uw . WN L N R R R R I :Oavmrﬁ e e e e ..-.—de:mg»s
OW “ O z WN .vH .............. mﬂvﬂdﬁ < uvvmmsﬂﬂu::w e e e e ..=°“w=m——md>’
OW “ *H OW D S I R mvﬂﬁ— m
Om ﬂ I Om D S R mvcﬂ— < ;—ﬂwnv-.—d&o .......... ﬂcﬁwﬁimdus
om “u z 00'I |t >°=d> gsgdh“w ................ -.—.NGD
»8&3&05°°Wﬁ© .w_ﬂ(«ﬂuﬂ.&»ﬁ—:.ﬁnﬂa . WN.n ..................O—.—nv.:.wo'wv——vm .......... Scu—ﬁa.om
*09° W @ ua} .OV “ @ 1 z (725 S BRI qewepy |t [eD-"310
“ O v om . ﬂ ....................... gmdﬂED .............. :owuko
mh ” @ :Cﬂ -om “ @ 1 uWH “ @ nON “ @ 1 mh. ) S R IR vﬁnm—hﬁo ......... QUQO%‘ -soz
“@ *h WN.& e e e .....-a.-.ﬂomhﬁMUlgv—UE:H; ............. .va.ﬂ.?vz
mOEW«.—U&uOOW“@ ¢ w$<Ou 1z Og.—. uﬂ@ . oS‘1 ..Uuwd—m -.—uhoz .......... Oh?ﬂl..—n—uz
. -0 w @ 1 [ R R QRS@SQ—-OV Bmo | ed ‘N-"JUoN
oom “ @ mﬁ OI\. LD G R I A R U ku>a n:w ............ dﬂnscoz
-gg hO—.—“O om “ @ 3 nm w=< Oe w »ﬂﬁzﬁ or'1 @ - OW D S R R R I sﬂe—ﬂﬂ—:m ............ .@:ﬁugoz
ON HUO Oﬂ c Q::H M“ @ -m 0:—.—“- Oﬂ om “ @ - om L S R AQEHHV daovnnhnuﬁ ............... OgvH
.o*.” @ :O&ﬁ mon U::H °ﬂ ON.“ @ I WN L R I R Y g—cm ............... o—.m@vﬁ
001 +a18yedwodupy (vt opeio[o)
.om.* @ ﬂuaﬂ mmh.” @ 1 MWN~” @ 1 momo» @ 1 *N Om. ) SR R R I A mv-.—dT—O ........... Q—EQM%U
.mn.ﬁ @ z oS'1 e et ar et ettt e ae e pWRg |ttt [eD-"zuy
. .WN.“ @ z MN . N“ ...................... h0>m- a—ﬁw ............. ﬂﬁos
Wy | v
391e M\ [RUONIPPY 30 300}-330y J3d aBiey) 303(01d aelg

F9UVHD WANININ

8161 YOI

SLOA[0¥d NOLLVIVIOTA NOdN AdXId STIDOYVHD TVINTY ANV IONVNIALNIVIA ANV NOLLVIAdO— AXX AT4VL



AGRICULTURAL DEPARTMENT EXPERIMENTS 147

and greater rainfall. At Yuma, however, a high ground water
table assists in keeping down the quantity of water needed.
Altogether, without much question, considering all conditions,
Salt River Valley shows the best practice in water economy
of any of the projects. This is due to the evenness of surface
and slope, to an excellent system of rotation, and to frequent
cultivation, the outgrowth of the high value of water and ex-
perience in its use. .

The best practice of any Northern project on the list is
on the Huntley, although the high duty there is partly due to
favorable climate and soil. The most wasteful practice is upon
the Rio Grande project, where with shorter season, and some-
what greater rainfall, more than twice as much water is applied
as at Salt River. This is the less excusable as most of the
Rio Grande Valley has a high water table, and some is actually
water-logged; nor is there any very open soil, requiring much
_water. The main explanation is the community operation of
laterals in which no control is exercised over the amount of
water used, and the primitive methods of irrigation. It
is fast ruining the land, and strenuous efforts are being made
by the leading men to induce the small communities to surrender
the canals to the Government, and to establish rigid control and
severe penalties against water waste.
~ Next in order of reckless waste is the Uncompahgre project,
which uses in seven months more than twice as much water as
Salt River does in twelve. Although the valley has a steep slope °
and good natural surface drainage, the excessive application of
water has water-logged considerable areas of land, and this
area is increasing. The sale of water by the second-foot instead
of by the acre-foot is one of the leading causes, as it offers no
inducement to economy except at the peak of the season. This
practice is the outgrowth of local habit, and efforts are being
made to change it.

Excessive quantities of water are also used on the Umatilla
Project, but this is due to open sandy soil with very coarse sub-
soil, through which the water readily sinks beyond the reach
of crop roots, and frequent irrigation is required. The same is
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true on a large part of the Minidoka and Orland projects, and
on parts of the Boisé and Truckee-Carson Projects. The Sun
River, Milk River, Lower Yellowstone, Belle Fourche and
Klamath Projects are in semi-arid regions, receiving the major
portion of their rainfall in the growing season, and crops are
often raised without irrigation. They therefore use only small
quantities of irrigation water.

12. A Committee on Irrigation from the American Society of
Agricultural Engineers addressed a questionnaire to several
hundred leading men concerned directly or indirectly with
irrigation, whose opinions on the subject were deemed important.
The replies concerning the duty of water are condensed in the
following table:

TABLE XXVI.—AMOUNT OF WATER USED ANNUALLY

CereaL CRoPs PoRrRAGE CRoPS
Class of Soil A A
’ cres per cres per
Depth Seco:d-?;ot Depth Second-,f):ot -
Light..................... 2.1 155 3.1 8
Medium.................. 1.9 187 2.5 75
Heavy 1.2 242 2.1 105
Average. ................. 1.7 195 2.6 87
i

Independently of careful scientific observations, are numer-
ous community experiences which throw valuable light on the
duty of water in a large community in a long series of years.
On this point Fortier says: *

“ Some twenty-five years ago the irrigators of the Greeley district in Northern
Colorado were using a second-foot of water on 40 to 50 acres. In recent years
the same quantity has served fully three times as much land with far better results
when measured in crop yields. Again, in the early nineties, the farmers in the
Bear River Valley in Northern Utah used a second-foot on 60 to 8o acres, but
during the past few years the average duty has been a second-foot for 120 acres.
Furthermore, when the Legislative Assembly of Wyoming in 1891 limited the
duty throughout the State to one second-foot for each 70 acres, it was actuated
by the best of motives. Such a duty was then high. Now it is too low and the
State is handicapped by having apportioned so large a volume of its public waters
on the limit fixed by statute.”

* Use of Water in Irrigation, page 135.
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In a decision by the Supreme Court of Arizona in 1910, the
duty of water for Salt River Valley was fixed at 48 miner’s
inches, or 1.2 second-feet, for each quarter section of land.  This
is equivalent to 133} acres to the second-foot. It should be
noted that this use is in a very hot and very dry climate, where
for months at a time no rainfall appears to assist in
moistening the crops, the mean annual rainfall being about
8 inches.

This rule limiting water usage has been in force for about
seven years, and has aroused no complaint of shortage, as experi-
ence shows this quantity to be ample even for those crops of
greatest requirement, and on sandy soil. In fact the records
of water, delivery show an average use throughout the year
only about 3 feet in depth on the land actually irrigated, although
the irrigation season is twelve months in length.

This is only about one-half the full use of the above allow-
ance as an average, so that it is evident that this full use is
invoked only in mid-summer, and that the demand is reduced
to an average of about one-half in spring and autumn, and one-
fourth in winter. The marked improvement over the water
duty of other regions, and of the same valley in former years,
is due to the increased value of water, and a charge in pro-
portion to quantity used, leading to more careful and more
skillful use. The leading practices developed by this condition
are:

1. An efficient system of rotation, delivering only a day in
eight, and use of large heads. :

2. Careful preparation of the land.

3. Re-use of waste water for irrigation, by picking it up at
lower end of the field.

4. Cultivation of the land soon after each irrigation.

Even with these practices considerable areas in Salt River
Valley have become waterlogged, and these areas are growing.

Of course there remains much room for improvement in these
and similar practices, so that the high duty of water can be
made practicably much higher. This will undoubtedly be
done as the value of water advances.
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That such a hope is well founded is demonstrated by
irrigation practices in Southern California, where nearly double
this duty is obtained, by more thorough employment of the
above precautions and by the use of pipes and lined canals,
cement head ditches and other devices for saving water. Per-
haps the most important measure that has led to such a high
duty and such successful results from irrigation in Southern
California is the habit of thorough cultivation of the surface
as soon as possible after each irrigation and each heavy shower
of rain. This provides a soil mulch which conserves the mois-
ture and also destroys all weeds which has the same tendency.
The results obtained in Arizona are easily reached in any region
by the adoption of the simple measures enumerated, yhich are
gocd in themselves, and should be applied nearly everywhere.
The results in Southern California furnish the goal towards
which Arizona and all the rest should strive.

The Utah Agricultural College has done much useful work
in teaching and spreading information in favor of greater care
in the use of water. In conjunction with the State Conserva-
tion Commission it has widely promulgated the following
twelve rules for the use of irrigation water:

1. Store the Rainfall in the Soil.—Deep, thorough plowing
enables the soil to absorb and retain most of the rain and snow
water. The more rainfall is stored in the soil the less irrigation
water will be needed.

2. Cultivate Frequently and Thoroughly—Water is easily
lost from soils by evaporation. Stirring the top soil reduces
this evaporation. The soil should be thoroughly cultivated
early in the spring, as soon as possible after irrigation, and
usually once or more between irrigation. Thorough cultivation
will reduce the water needed in irrigation.

3. Keep the Soil Fertile—The more fertile a soil is, the less
water is needed to produce a pound or ton of the crop. Plow
deeply, cultivate thoroughly, use barnyard manure, and less
irrigation water will be needed.

4. Plant in Well-moistened Soil.—Well-moistened soil at
planting time permits better root development, and delays the
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time of the first irrigation, and thus saves irrigation water
during the summer. If rains and snow do not moisten soils
sufficiently for planting, irrigate in fall, or in early spring,
before planting.

5. Don’t Irrigate too Early.—By postponing as long as
possible the first irrigation after planting, a better root develop-
ment is secured and less irrigation water is needed to produce
the crop.

6. Irrigate by the Correct Method.—Where water is plentiful,
the flooding method may be used; where water is scarce, the
furrow method only should be employed. Lead the waste
water from the furrows to other fields.

7. Irrigate at the Proper Time.—Withhold water until the
crop is in real need. When irrigating, apply enough water
to supply the crop for at least ten days. Irrigate thoroughly
when potatoes are in bloom; corn in tassel or silk; lucern just
beginning to bud, and grains forming seed.

8. Use Water in Moderation.—The acre yield of a crop
increases as more water is used, up to a certain limit, beyond
which more water causes a decrease in the yield.

9. Spread the Water over Larger Areas.—The yield of crop
per unit of water always becomes smaller as more water is
added. The less water is used in irrigation, the more crop is
obtained for the water used. In Utah land is plentiful, water
is scarce; it is more important to get a large crop for each
acre-foot of water than for each acre of land.

10. Kill the Weeds.—Weeds use as much water as do many
profitable crops. It costs usually 2000 pounds of water to
produce 1 pound of weeds. Killing the weeds will leave more
water for our crops.

11. Repair the Leaky Ditches.—Tremendous quantities of
water seep from most of our canals and ditches. Stop the
leaky places. It will often pay to cement the whole canal.

12. Measure the Water—Land is measured carefully, but
water, more valuable than land, is seldlom measured. Great
progress will be made by Utah as soon as farmers faithfully
measure and keep an account of the water used on the land.
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This is one of Utah'’s greatest irrigation needs. The Cippoletti
~ Weir may be used by any farmer for the measurement of water.
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CHAPTER XI
MEASUREMENT OF IRRIGATION WATER

WATER measurements in connection with an irrigation
system are of two main classes. '

First are those measurements of the stream and of the main
canal and larger laterals which are of use in the operation of
the system, and do not bear directly upon the amount oi water
delivered to the individual irrigator. The streams or canals
measured are of considerable size and the methods employed
in measurement are similar to those used in gaging rivers.

The second class of measurements are those designed to
indicate the amount of water delivered to each irrigator. They
are of relatively small amounts, and to obtain the necessary
degree of precision, require the use of other means than those
usually employed on large streams.

1. Gaging Streams.—The first step in the study of the
water supply should be the establishment of systematic observa-
tions of stream flow at the various points where such data are
required, and records of the daily flow should be kept. A gage
should be provided by which to observe the height of the sur-
face of the water in the river and should be observed daily or
oftener so as to obtain correct results of the daily mean. The
simplest form of gage is a wooden rod; graduated in feet and
tenths so as to be easily read, with the graduation made per-
manent with nails or otherwise, so that the action of the water
will not obliterate them. A position should be selected for the
gage rod where it will be protected from driftwood, and yet be
easily read, and show the true height of the water in the river.
If no better plan presents itself, the rod may be laid on the
ground sloping up from the river, and fastened firmly to stakes
or posts. The graduations may then be located on it by means

153
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of a Y level. Such a gage may be read twice a day, and this
will give fair results on most streams.

Somewhat more reliable results may be obtained by pro-
viding a well near the river above high water, the bottom of
which extends somewhat below low water, and connecting the
bottom of the well with the river by a horizontal pipe, so that
the water in the well will always stand at the level of the water
in the river. By this arrangement difficulty with driftwood is
avoided, and observations may be accurately taken with a hook
gage. If greater accuracy is desirable, or if the river is subject
to sudden fluctuation, it may be advisable to install a
mechanical self-recording gage, of which several are on the
market. They require frequent attention to keep them in order,
but by making continuous record give much greater accuracy
on a fluctuating stream than periodic observations of a gage.
Measurements of the actual discharge of the stream should be
made at frequent intervals, depending upon the character of
the stream bed. If this is of permanent character, a complete
series of measurements taken at high, low, and intermediate
stages will serve to establish approximate values for the various
gage heights, and permit the construction of a curve of discharge;
and thereafter measurements need be made only sufficient to
check the stability of the cross-section and to confirm the
stability and reliability of the gage. There are few river chan-
nels, however, except those in solid rock, that are naturally so
stable that they do not undergo material modification in times
of flood, so that in practice it is usually necessary to take a
series of measurements every year. Especially is it important
to secure measurements of extreme high and low water, so as
to control the extremities of the curve of discharge.

The discharge of the stream should be measured in the
vicinity of the gage, so that no appreciable gain or loss can occur
between.

The depth may be measured by a rod or sounding line at
measured intervals across the stream, each sounding represent-
ing half the distance to the next sounding adjacent on each
side. The frequency of the soundings should depend upon
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the roughness of the channel, a few soundings being sufficient
where the stream is of nearly uniform depth, and only roughly
approximate results are required. For convenience, the sound-
ings may be made equidistant, and each sounding should be
multiplied by the width of the section which it represents.
This will give the area of that cross-section, and the sum of all
these cross-sections will give the cross-section of the stream,
and this multiplied by the mean velocity of the water will give
the total discharge

A rough preliminary measurement of velocity may be made
by surface floats, timing their passage over a measured course.
The mean velocity will be about nine-tenths of the average
surface velocity in ordinary streams with smooth bottoms and

F1c. 48.—Haskell Current Meter.

somewhat less, for rough gravelly sections. A convenient form
of surface float is a tall bottle, with just enough water in it to
make it float upright, and a white rag attached to the cork to
make it conspicuous. Several such floats should be passed
over the course at different parts of the stream and the time
carefully taken. A straight course should be selected free from
eddies or material changes in section. More reliable and
accurate measurements of velocity may be made with a current
meter, of which several efficient types are obtainable. Those
most used are the Price meter, Fig. 49, and the Haskell meter,
Fig. 48.

The Haskell meter has a slight advantage in responding
only to the component of water motion parallel to the axis of
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F16. 49.—DPrice Electric and Acoustic Current Meters.
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the meter, but will not register velocities as low nor as high as
the Price meter, and if the shaft on which it revolves becomes
slightly roughened by rust, or otherwise, it seriously affects the
coefficient of friction, and hence the rating of the meter.

The electric meter which has been found to work most
satisfactorily under nearly all the varying conditions of depth
and velocity by the hydrographers of the U. S. Geological Survey
and U. S. Engineer Corps is the small Price electric-current
meter (Fig. 49). Itis accurate for streams of nearly any velocity,
and is practically standard with both organizations. Each
revolution of the wheel is indicated by a sounder, consisting
of a telephone receiver excited by a small battery cell. Two
small insulated wires, attached to the stem and to the contact
spring in the head, are connected with the sounder through the
suspending cable.

The Price acoustic current meter is a modification of the
Price electric meter. It is especially desirable for its portability
and ease of handling as it weighs but little over a pound. In
very shallow streams it gives the most accurate results of any
meter, and is held at the proper depth by a metal rod in the
hands of the observer. It is designed especially to stand hard
knocks which may be received in turbid irrigation waters, and
can be used in high velocities, as only each tenth revolution
is counted. Its head, like that of the electric meter, consists
(Fig. 49), of a strong wheel composed of six conical-shaped cups,
which revolve in a horizontal plane; its bearings run in two
cups holding air and oil in such manner as entirely to-exclude
water or gritty matter. Above the upper bearing is a small
air-chamber, into which the shaft of the wheel extends. The
water cannot rise into this air-chamber, and in it is a small
worm-gear on the shaft, turning a wheel with twenty teeth.
This wheel carries a pin which at every tenth revolution of the
shaft trips a small hammer against the diaphragm forming the
top of the air-chamber, and the sound produced by the striking
hammer is transmitted by the hollow plunger-rod through a
connecting rubber tube to the ear of the observer by an ear-
piece. The plunger-rod is in 2-foot lengths, and is graduated to
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feet and tenths of feet, thus rendering it serviceable as a sound-
ing or gaging rod.

2. Use of the Current Meter.—A bridge spanning a stream
without piers in the channel is the most convenient provision
for using a current meter. Even one or two piers in the stream
may be tolerated if they are not clogged with drift, and do not
greatly interfere with the smooth flow of the water. If the
stream is sufficiently shallow, a resort to wading may be practi-
cable at time of low water, but obviously will not do at high
water, nor at any time when the velocity is high, as the body
of the observer will cause eddies and vitiate the results.

In the absence of a bridge without piers in the stream, the
best provision for gaging is to stretch a cable across the stream,
and from this suspend a small car in which the observer can
ride, propelling the car by pulling on the cable, and stopping
at certain points indicated by a tagged wire parallel to the cable.
The diagram, Fig. 52, shows such a station. In the absence of
the car a boat may be used, anchored to the cable, but this
somewhat interferes with the current, and is apt to swing about
during the observation and impair its accuracy.

In lowering a current meter into a deep stream in time of
flood, the strong current tends to carry it downstream, and to
prevent its reaching the bottom or any considerable depth.
To remedy this tendency, a heavy wire may be stretched across
the river 50 or 100 feet above the gaging section, and upon this
wire a small pulley is carried from which a smaller wire extends
to the meter line, to which it is attached just above the meter
and prevents its deflection downstream.

A flowing stream has a sloping surface, and moves under the
action of gravity, retarded by friction on the bottom, the banks,
and in a small degree on the air. The lowest velocity is at
and near the bottom and sides on account of their retarding
effect. The maximum velocity is just below the surface, in
the central portion of the channel, unless a deeper part exists,
in which case the depth may vary that law. In order to find
the mean velocity of the water in any vertical line, several
methods are in use.
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1. The integration method is the moving of the meter
slowly and regularly from surface to bottom, and to surface
again. This must be done so slowly that the vertical motion’
of the meter will be an insignificant fraction of the horizontal
motion of the water, otherwise the correctness of the record
may be affected especially with the cup type of meter such as
the Price meter.

2. The measurement of velocity at six-tenths of the depth,
has been found to generally give results approximating the
mean velocity of the vertical line passing through the point
measured.

3. In deep streams the mean of measurements of velocity at.
surface, mid-depth and bottom will give a close approximation
to the mean velocity.

Good results from current meter measurements cannot be
obtained except at reaches where the channel is fairly straight
and regular, and practically free from whirlpools, eddies and
back currents. .

An overflow dam or weir furnishes an excellent opportunity
for measuring the discharge of a stream, if it is fairly smooth
and regular along its crest. If it has a large bay of nearly
quiet water back of it, the discharge may be computed by one
or other of the empirical formule, by measuring the height of
the water above the crest of the weir at a point above the line
of accelerated velocity, where the measurement gives the general
height of the still bay.

If the pond above the dam has been filled with sediment, the
various weir formulz are not applicable, but the weir may be
calibrated by measuring the stream with a current meter a
short distance above or below the weir, and when once this is
well done, for all stages from extreme low water to extreme
flood stage, the stability of the weir, if it be of masonry, insures
accurate results as long as no change occurs in the shape or
elevation of the weir crest.

Where the section measured is sandy and constantly shifting,
the gage readings cannot be depended upon as indications of
discharge unless checked frequently by actual complete discharge
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F1c. s1.—Cable Gaging Station, with Automatic Continuous Recording Gage.

F1G6. 52.—Cable and Car Gaging Station.
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measurements. Such streams are the Colorado, Rio Grande,
Arkansas and Platte after they leave the mountains. |

These streams scour their channels at time of high water
and fill them again at low stages, and at all times are building
bars or cutting banks, and their channels are thus constantly
shifting, so that unless a fixed weir can be used, it is necessary
in order to get accurate results to make very frequent measure-
ments, ranging from daily in times of high water, to semi-

rr

F16. 53.—Wire and Boat Gaging Station.

weekly or weekly at low stages. Even these results are not as
accurate as less frequent measurements on streams with gravel
channels.

Where the channel is of coarse gravel or bowlders and hence
relatively stable, the principal changes occur at times of flood
and a measurement or two at or near the peak of the flood
and at extreme low water, with a few at intermediate stages,



USE OF THE CURRENT METER 163

generally give a good rating curve to serve till the next flood
stage. The rating curve at such places is often very stable,
but should be checked carefully at and after each flood stage.

Streams through clay regions are apt to be more shifting than
those with gravel sections, but are generally susceptible of fair
determination by the methods just described, with somewhat
more frequent measurements. No section is entirely free from
change unless of rock, or of concrete or other artificial con-
struction.

In cold countries like the Northern United States and
Canada special problems and considerable difficulty are pre-
sented in measuring frozen streams. In the early winter
needle and anchor ice are apt to form in rapids and flow in
masses, sometimes even clogging the stream where frozen over,
and causing back water. The surface of the stream may freeze
at the edges, leaving the center of the channel open, thus com-
plicating the work of measurement.

After the channel freezes over the discharge measurements
are made through holes in the ice, large enough to allow the
current meter to pass through freely. The depth of the stream
is taken as the distance from the bottom of the ice to the bottom
of the stream. The velocity is taken by the vertical velocity-
curve method, which as adapted to winter use, may be described
as follows:

The meter is held just below the lower surface of the ice,
and the velocity at that point recorded. This is repeated at
different depths throughout the vertical. These results are
plotted with velocities in feet per second as absciss®, and their
corresponding depths in feet as ordinates, and a curve is drawn
through the points. The mean velocity is obtained by dividing
the area included between the curve and its axis, by the depth.
This may be measured by planimeter, or estimated by squares.
A close approximation may be more easily obtained by dividing
the depth into a number of equal parts, taking corresponding
velocities from the curve and averaging these. The mean
velocity multiplied by the depth as measured will give the
discharge.
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3. Hydraulic Formulee. In 1775, Chezy, a French engineer,
developed a formula for computing the flow of water in conduits,
either open or closed.

V=CVRS.
Where V =the mean velocity of the water;

R =The hydraulic radius of the stream obtained by divid-
ing the area of cross-section of the stream by the
wetted perimeter;

S =the tangent of the angle of slope;

C=a coefficient then supposed to be constant, but now
known to vary with several factors, especially
the friction of the channel.

The researches of Ganguillet and Kutter produced important
modifications of the above formula, in which the factor C is
replaced by an expression which takes into account the roughness
of the channel, and certain functions of the slope and the
hydraulic radius. The friction is represented by the variable
“mn.” This formula, which is in general use for open conduits,
and also to some extent for closed conduits, is expressed thus:
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The value of the factor “n” is empirical and must be
assumed largely upon judgment, owing to the difficulty of
defining with accuracy the multitude of details which effect the
retarding influence of the chann<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>