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INTRODUCT IOH

History

The irrigation of the earth has been practiced since the earli-
est history of man. Irrigation i® an agm-old art. Historically,
civilization has followed the development of irrigation.

The antiquity of irrigation i well documented throughout the
written history of mankind. Ther& aré# some indications from history
that the Egyptians used irrigation as far back as 4000 E. C. There
#re reécords from China thatlindicate that the Chinese have practiced
irrigation for ovar 4000 years.

The Bible talks of irrigation in the book of Genesis where the
Laws of Hammurabi indicate to the people that they had to depend on
irrigation for exiatence. The letter# of Hammurabi about 2000 B. C.
indicate& that the goveErnmeént was doing much to promote irrigation.
Irrigation is also mentioned in II Kings 3:16-17:

And he said, Thus saith the Lord, Make this valley full of
ditch&#s. For thus saith tha Lord, Ym shall not s&e wind, n&ither
shall ya see rain; yet that valley shall be filled with water,
that y® may drink, both ye, and your cattle, and your beasts.

Irrigation canals mupposed to have been built before 2000 B. C.
ara s5till delivaring water in tha valleys of the Nile. Basin irriga-
tion introduced on the Nile about 3300 B, C. #till is very important
to Egyptian agriculture.

The muccess of early kings in China was measured by their wisdom

and progress in water-control activities. The famous Tu-Kiang Dam,

still a successful dam today, was built in 200 B. C. and still provides



irrigation water for about one-half million acres of rice fields.

There are reservoirs in Ceylon more than 2000 years old. Writ-
ings from that period indicate that the whole country was under irri-
gation and waa very prosperous.

Irrigation ideas and practices were brought to the United
States by the early Spanish missionaries. No effort was made to
develop an agricultural economy based on irrigation until 1847 when
the Mormans entera&d the Salt Lake Valley.

The pressure of surv{val and the need for additional food sup-
plies are necessitating a rapid expansion of irrigation throughout the
world. The importance of irrigation in the world today was well
stated by N. D. Gulhali of India: '"Irrigation in many countries is an
old art--as old as civilization--but for the whole world it is a

modern science=--the science# of survival.'" (7)

Definition

Irrigation can generally be defined as the application of water
to the soil for the purpose of supplying the moisture essential for
plant growth,

Irrigation may be accomplished in four different ways:

1. flooding

2. furrows

3. sube~irrigation

4. sprinkling.



PURPOSE AND OBJECTIVES

The increase of irrigation interest in southeasterm South Dakota
has brought about a need for some definite criteria for management.
Irrigation management practices have not been fully developed for this
area. Climate, topography, and #oil conditions are not similar to
those of other areas where irrigation management studies hava been
conducted.

Thé need for good management practices 1is very evident in
southeastern South Dakota where specialty crops are becoming an impor=-
tant cash crop, If irrigation can be expanded, the growing of sugar
beets and other agricultural crops can bring about a great change in
the economics of southeastern South Dakota agriculture, The desire of
farmers for information on planning and managing an irrigation layout
is ever increasing. In order to best recommend an economical system or
layout, information must be known about the soils, topography, climate,
and crops of the area.

Much of the area under study has relatively flat slopes. With
slight land grading and leveling, an economical gravity irrigation
system could be developed.

The infiltration rate and furrow length are interrelated factors
which determine th& efficiency of water use in furrow irrigation. With
the infiltration rate known, the period of irrigation time needed to
replace given amounts of soll moisture may be computed. In furrow

irrigation, the computed period of irrigation time bagins after the



entire length of furrow is wetted. Therzfore, excess water is applied
to the upper end of the furrow for a time interval equal to the time
it takes water to travel the langth of the furrow. Consequently, it
is essential to know th& influences of soill types and rate of water
introduction into the furrow on the infiltration rate and the rate
water travels down the furrow.

The objectives of this invastigation:

1. To obtain relationshipe for the rate of advance of the
wetting front for the particular soil investigated.

2. To obtain relat;onships for the infiltration rate of water
for the particular soil investigated.

3. To investigate these relations in application to the design

of an efficient furrow irrigation system.



REVIEW OF LITERATURE

The use of furrows for irrigating is almost as old as irriga=~
tion itself. Continued use and expansion of furrow irrigation has
brought the need for more intensive research. Many surfac# irrigation
fyitemf# ar& poorly adapted to the soils and topography. Many investi-
gators have put much effort forward to find information that would ba&
helpful, but the introduction of irrigation to lesa desirable land has
brought a meed for additional recommendations. Intake rates and water=
holding capacities of the #oils often aré not known beform a field 1is
laid out for irrigation. The length of irrigation run nseded for
proper distribution of moisture in the root zone seldom is determined
bafore the system is put into operation. Improper operation of a
wall designed irrigation system can also wast@ water, damage land,
riéduce production, and cut down net income.

The Soil Conservation Service (23) has developed a method for
evaluating furrow irrigation systems. Léwis (8) has also done similar
work. The m&thod consists of measuring flows at points along a furrow
to determine tha amount of water that infiltrates between those points.

The infiltration=time curve has the form:

I = KT® (Eq. 1)
wheri:
I = the intake rate per unit length of furrow
T = the time after infiltration begins

the intake rate at unit tims

~
]

the mlope of the curve when plotted on logarithmic paper.

=
]



The exponent pn i# negative since the intake rate characteristi-
cally becomes smaller as thg time increasgs. While thim equation 1ig
empirical, it adéquately represents most fiald data.

Intake data which does not fit the aquation I = KI™ may be
represented by a slight modification:

I=cC+ kr® (Eq. 2)
whare ¢ 1s the infiltration when T &quals infinity.

The area under this curve is the depth of water (D) abaorbed

during the time {T). This area is, by integration:

K
60D =|eme-a| gt (Eq. 3)
n+1
or:
1
60D (n+1)|n+1
) PR — (Eq. &)
K

The factor 60 is insarted to allow time to be measured in minutes and
the iafiltration in inches per hour.

If the curve I = KI" is plotted on logarithmic paper for a
furrow, K and p may be determined so that the time may be estimated
for any depth of irrigation (D).

Shockley (18) stated that the tima required for irrigation is
dependent on the amount of water needed to replenish the root zone,
tha intake rate of the soil, and the furrow spacing. The time of
irrigation must include the time for the water to advance to the lower

end of the furrow, since the lower end is the location that receives



the least amount of water. Shockley indicated that it is desirable to
have the water travel the length of the furrow in approximately 25 per
cent of the total irrigating time. The largest possible non-erosive
stream should be used to advance the water to the lower end of the
furrow as rapidly as possible. The furrow inflow should then be cut
down to pravent inefficient use of water. The Soil Conservation
Service (23) suggested that the "opportunity time" for the soil to
absorb water is 25 per cent greater at the upper end than at the lower
end. But the intake rate of the soil decreases with time, frequently
inversely proportional to the square root of the elapsed time.

D. G. Shockley (19) used unit-streams to analyze an irrigation
system. Shockley used a unit area of 100 square feet or an area one
foot wide and 100 feet long. The unit-streams developed are the unit-
streams required for application at 100 per cent efficiency. The unite
streams must be empirically adjusted for the expected level of field
application efficiency. The general formula for the computation of

unit-streams for any given soil is:

q @ =w=| emcccc=| ecn=- (Eq- 5)

where:
q = unit-stream in c. f. s.
E = efficiency expressed as a decimal

F = desired depth of water application in inches



T = time, in minutes, required for the infiltration of F
inches of water

Ty, ™ recession time lag in minutes (from the time the stream
is cut off until recession begins).

Shockley (19) also presented an expression for the time required

for an irrigation:

d
T = cnccn=a (Eq. 6)
432 E q
where:

d = required net depth of application in inches

E = expected efficiency level

q = design unit-stream in c¢. £. s.

T time required for irrigation (hours)
Phelan (12), in his analysis, indicated that the maximum non=

erosive stream could be expressed empirically as:
10
ul= = (Eq. 7)

whare:

Qe = maximum non-erosive furrow stream

S = slope in per cent.

This relationship, though very simple, does closely approximate
a constant velocity in a parabolic furrow as computed by Manning's

formula:

1.49
V = ~=ea R2/3 gl/2 (Eq. 7a)
n



where:

V = mean velocity in feet per second

R = hydraulic radius in feet
S = slope of energy line
n = coefficient of roughness (Manning's n).

Since it is a limit only, it appears to be satisfactory for design
purposes,

The intake gharacteristics of furrows are different from those
prevailing under flooding methods of irrigation. Some of the factors

that may affect average intake in furrows directly or indirectly are:

1. soil type

2, size of stream

3. slope of furrow

4. roughness coefficient

5. furrow cross-section

6. furrow spacing

7. total depth of application.

Some attempts have been made to derive expressions for rate of
advance, particularly for irrigation borders. Lewis and Milne (9)
derived a rather complex equation for rate of advance in borders.

They assumed an estimated depth of water and a predetermined functional
-relationship for infiltration. The effects of slope and surface rough-
ness are not easy to distinguish but are reflected in the estimate of
the depth of the flowing water.

In the design of furrow irrigation systems it is necessary to
determine experimentally, or to compute by an analytical expression,
the curve for the rate of advance of the wetted front down the furrow.

In determining the curves experimentally, it is necessary to introduce
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furrow inputs of varying amounts into separate furrows a&nd then time
the advance of the wetted front as it passes the control points. This
procedure can be repeated for different soil types and furrow slopes.
The furrows can then be plotted with time (T) as the ordinate and the
distance down the furrow (X) as the abscissa. The coordinates of each
plotted point indicate the elapsed time that it takes the wetted front
to advance to & point down furrow with respect to the head of the fur-
row. Figure I illustrates a typical set of rate-of-advance curves.

Criddle (3) has outlined a procedure for determining the proper
design furrow length using a set of rate-of-advance curves. With the
infiltration rate known, the total irrigation time to replace a given
amount of soil moistur& can be computed. Criddle has shown that for
efficient irrigation the wetted front should advance to the lower end
of the furrow in 1/4 of the total irrigation time. Therefore, 1/4 of
the total irrigation time is computed and the straight-horizontal line
is plotted on the same set of axe& as the rate-of-advance curves. The
value of 2' at the intersection of the straight-line curve with the
rate-of-advance curve bzcomes the design furrow length. An example
‘18 shown in Figure I.

Irrigation research personnel in Japan and Australia have pro-
posed mathematical expresmions for the equation of the rate of advance
of a wetted front as a function of the furrow input, furrow slope,
distance down tha furrow, time, and variable coefficients depending on
the soil type and furrow geometry. Shibata (17) obtained the following

expresaion for water travel through a furrow on soils of Japan:



Typical Rate
of Advance Curves

W BEopem, X g.p.m, Y g.p.m,
(Non—erosive)

W g.p.m. (Erosive]

T = 4 Total Irrigation Time

////////////;; = Design Furrow Length

-

Distance

Figure I, Typical Rate of Advance Curves
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whire:

K, C

Philip

12

S x
Log t = (1.608 = 0.106 q) + ===ece=e- (Eq. 8)

(Ks - Q)

slope of furrow in per cent

length of furrow in meters

furrow input in liters per second

time the water requires to travel distance x
coefficients depending on furrow input.

(14) has also proposed a logarithmic expression for the

rate of advance of a wetted front applicable to soils of Australia:

where:

t

A, B

X=4aq7250:20 150 (1 +B¢) (Eq. 9)

length of furrow in feet

furrow input in cubic feet per minute

slope of the furrow expressed as a decimal
time in minutes for water to travel distance X

coefficients depending on soil type and furrow geometry.

The design of surface irrigation systems involves extremely com=-

plex flow phenomena. Myers (l1) stated that the major errors can

result from the use of flow equations that do not apply to the situa-

tion at hand.

Basic research to develop equations applicable to flow

in irrigation furrows is needed.

Powell (15) (16) studied flow in smooth and rough channels with

subcritical and supercritical flow regimes. Powell examined the effect

of digcharge, roughness, and slope on the flow, but he stated that
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other factors, such as the angle between channel sidewalls and bottom,
need to be studied. Powell also did not include in his studies the
extreme magnitude of relative roughness likely to be encountered in
irrigation furrows.

Hall (5) developed an equation that considered a variable in-
filtration rate and nonuniform depth of water, the latter reflecting
the slope and hydraulic roughness of the soil surface.

Bouwer (2) considered variable infiltration rates in his equa-
tions which were solved simultaneously to determine field infiltration
rates in borders. This method offers some advantagea in its simplicity
and may be quite valuable for determining infiltration rates in irri=-
gation furrows.

Philip (13) stated that the initial moisture content of & soil
was one of the major factors influencing its infiltration charactez-
istics. High infiltration rates are associated with low initial
moisture content and low rates with high moisture content.

Thornton (21) suggested that if the rate of advance when plotted
against time is a straight line, there should theoretically be uniform
flow. He also suggested that the intake rate of a soil should increase
with an increase in temperature as a result of the decrease in the
viacosity of the water. The flow into the soil is usually approxi-
mately laminar for compact, finely textured soils. The rate of intake
should therefore vary inversely as the kinematic viscosity. On this
basis, an increase in water temperature of 50 degrees F. should

approximately double the intake rate.

165381
SOUTH pAKCTA STATE UNIVERSITY LIBRARY
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The stream width for a given soil has a great effect on the
intake rate due to the wetted perimeter. Little (10) pointed out that
the depth of the surface head has very little effect on the infiltra=-
tion. The volume of storage on the surface has a great effect on the
rate of advance of the wetted front. Thus for a given furrow size and
shape, the stream size or volume of storage should be determined.

The Agriculture Handbook No. 107, Conservation Irrigation, (22)

states that the intake rate at which water enters the soil is dependent
upon soil=~aurface conditions and upon the rate at which the absorbed
water can pass through the successive soil layers and make room for
more water to be absorbed. The soil layer with the lowest transmission
rate, whether at the surface or in the subsoil, sets the limit on the
intake rate. Regardless of the intake rate or opportunity for water to
#énter a soil, limiting factors below the surface, such as a hardpan,
claypan, rock layer, sand layer, or a heavy clay subsoil, may restrict
the downward movement of water.

Holtan (6) discussed the possibility of relating the poténtial
infiltration, that may be expected to occur before a constant rate is
reached, to the available porosity and the vegetal cover. Holtan
suggested that it may be possible to estimate the potential infiltra=-
tion by multiplying the available porosity by the basal area of the
vegetation. The basal area is the percentage of the ground surface
arga occupied by roots and stems.

Shockley (18) gave a method of approximating the average intake

rate over the time of irrigation. His method was to multiply the final
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intake rate by a factor that depended on the soil type. Shockley gave

the following table of factors for soils of different texutures:

Table 1. Soil Infiltration Factors

Soil texture Soil factor

Fine and moderately fine clays and clay loams 1.50

Medium and moderately coarse silt loam to

sandy loam 1388
Coarse and very coarse loamy sands and sands L.20
= — T— =T= == - . STIEm == 1

Frevert (4) stated that the infiltration rate of a soil was
dependent on the size of the passageways hetween the soil particles.
These passageways were dependent upon the size of the soil particles,
the degree of aggregation bLetween the individual particles and the
arrangement of the particles. The infiltration rate was affected by
antecedent soil moisture conditions. Moisture caused the soil
colloids to swell and close the passageways.

Isreelsen (7) suggested that the basic variablés involved in
the hydraulics of surface irrigation are:
size of streams
rate of advance
length of run and time reguired
depth of flow
intake rate
slope of land surface
surface roughness
erosion hazard

shape of flow channel
depth of water to be applied.

H
(@Y 2 JSEN < W T, I S PO S o

The result of improper consideration of these variables will

produce nonuniform distribution of water over the field, runoff from
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the lower end of the fields, and overeirrigation with a loss of water
and plant nutrients by deep percolation.

The design of an efficient and practical surface irrigation
system should give consideration in some way to each of the basic
variables., Proper design and operation can result in saving water,

soil, labor, and overall &conomy.
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LAYOUT AND PROCEDURE

The increase of irrigation agriculture in southeastern South
Dakota during the past decade brought with it a definite need for more
concrete recommendations as to design, lLayout, and construction of an
irrigation @ystem. This investigation was, therefore, designed to aid
in answering some of the proklema and questions that have arisen.

In the fall of 1962, a plot was selected near Meckling, South
Dakota, in Clay Co#nty. This location was selected lLecause it was
assumed that this soil was representative of much of the soil in the
Missouri Valley area suitable for irrigation. Irrigation management
practices have not been satisfactorily developed for this area, and
climate and soil conditions are mot exactly analogous to other areas
where irrigation practices have ireen developed and practiced.

In order to satisfy the objectives of this problem, the experi-
mental plot was diesigned in a manner so analy#is of the data collected
would evaluate the following items:

l. furrow infiltration rate

2. rate of advamnce of wetted front

3. soil moisture percentage.

The plot was approximately 1150 feet in length and 164 feet in
width. The plot had been previously leveled to the e&xtent of having
furrows of all gradients between 0,10 per cent and ©.25 per cent. It
was assumed that the length of 1150 feet would be sufficient to deter=-

mine maximum length permissible for varying conditions encountered.
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The plot was planted to sugar beets on April 6th with Z2-inch
row spacings. The plot was then laid out as shown in Figure II.

Soil moisture samples were then taken approximately every week
at twelve locations on the plot, as shown by Figure III. These samples
were then oven dried and a record kept of the moisture percentage in
th& top four feet of soil. The moisture samples were taken at each
foot interval.

Approximately the first of June, after the field had been culti-
vated once, two=inch Parshall flumes were installed at the lower end of
each slope strip. The flumes were installed to obtain a record of any
excess runoff that might occur. The runoff was recorded by installing
Leupold & Stevens Type F stage recorders above the flumes with a float
placed in the wells attached to the side of the Parshall flumes. It
was decided to direct three furrows into each two-inch Parshall flume
to obtain a better average of the runoff. Figure IV shows a two=inch
Parshall flume and recorder installed at the lower end of the plot.

The taller white instrument in Figure IV is a three-point temperature
recorder.

Soil tension samples were secured at each location where #oil
molsture samples were taken, in order to obtain wilting point and field
capacity percentage. This made it possible to estimate when the soil
moisture was reaching the wilting point and when to irrigate.

About the 15th of June, construction was completed on several
tensiometers which were installed at the locations shown by Figure V.

The tensiometers were installed at four locations and at depths of
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6 inches, 12 inches, 18 inches, 36 inches, and 48 inches. Figure VI
illustrates on# of the constructed tensiometers, and Figure VII shows
a group of tensiometers installed in the field. It can be noted that
the tensiometers were installed in the beet row to make it possible to
cultivate the beets without disturbing them. Readings were then made
periodically and records kept to indicate when to irrigate.

The first irrigation, July 1, was used as a trial irrigation.
The water was supplied to the head of each furrow by gated pipe with
22=inch gate spacing. Figure VIII shows the gated pipe supplying water
to the furrows at the upper end of the field. Figure IX illustrates
the tractor and pump used to supply water to the gated pipe.

The second irrigation, July 22, was used for furrow infiltra-
tion and advance studies. Before the second irrigation the field was
agaln furrowed. Figure X shows the cultivator used for furrowing.
Four-inch diameter pipes were pulled behind the Planter Junior furrow
openers.,

The grade of each individual test furrow was then secured by
bench leveling to obtain a more accurate reading of the slope of each
furrow. The results are shown in Figure XI. The five test furrows
were selected in the center of each slope study strip. This made it
possible to use the remainder of each strip for border or buffer
furrows.

Before irrigation, soil moisture samples were secured at loca-
tions stationed along the test furrow of each slope. It was assumed

that this would make it easier to estimate how much water would be



Figure VI.

Constructoed Tensiometer
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Figure VII.

Tensiometers Installed in the Field
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Figure VIII. Gated Pipe Supplying Water to Furrdus



Figure IX.

Tractor and Pump Supplying

Water
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Figure X.

Furzrowing Cultivator
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infiltrated into the furrow along its entire length. Samples were
again secured after the irrightion and compared with pre-irrigation
samples to obtain the amount of water stored.

Cross=~sections of the test furrows were then recorded to assist
in analyzing the hydraulic characteristics of each. This was done by
placing a straight edge across the furrow and measuring the depth and
width of the furrow in relation to the straight edge.

Parshall flumes with a one=inch throat were placed at stations
located 100, 200, and JOU feet down furrow from the furrow inlet. The
purpose of these flumes was to obtain the quantity of flow at a given
time to assist in obtaining data on the rate of infiltration during
irrigation. Figure XII shows a Parshall flume installed in a furrow
prior to an irrigation run.

The slopes were then irrigated, each om succeeding days. It
was decided to irrigate a strip approximately twelve rows wide each
day, with the assumption that this would eliminate any border effects
on the center test furrows. The first slope was irrigated July Z2nd.
Slope two, slope three, slope four, and slope five were irrigated on
succeeding days.

The atream for each furrow was supplied to the upper end from
the gated pipe. The stream flow-rate from each gate was calculated by
catching the water flowing from the gate in an ordinary three-galion
bucket. The time required to £ill each bucket was recorded with a

stopwatch.



Figur-.— XII.

Parahall

Lumg

Installed Prior to an Irrigation Run

il



32

As the wetting front advanced down the furrow, the time was
recorded as it passed the individual stations staked out and marked
prior to irrigation. As the water front reached one of the one=-inch
Parshall flumes, depth readings were started and continued until the
depth flowing ri#ached a constant rate.

When it could be determined, by observationm of tensiometers
and by use of a probe, that the soil reservoir was full, the inflow
stream was shut off and the irrigation was completed.

The amount of water stored in the soil reservoir was then
determined by taking moisture samples again and relating them to the
samples taken prior to each irrigation.

Periodically after irrigation, soil moisture samples were taken
and the tensiometers read so that the '"consumptive use’” could be
approximated and the time of the next irrigation determined. The term
“consumptive use' may also be termed evapo-transpiration, or the sum
of transpiration and evaporation. In simple& terms, the 'consumptive
use'' applies to the water requirements of a crop, field, or entire

area.
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DISCUSSION OF FIELD PROCEDURES

A more detailed discussion of the field procedures seems
advantageous, due to the varied problems encountered.

The plot was leveled in the fall of 1962 to grades ranging from
0.10 per cent to 0.25 per cent. Due to settling of the fill areas and
normal cultivation procedures, the grades were much flatter and very
uneven when the field was furrowed. Figure XI illustrates the furrow
slopes recorded before irrigation and just after it had been furrowed.
The areas of settlement can be noted very readily. These areas formed
pockets, and on the very flat slopes these areas caused problems in
maintaining flow in the furrows without overtopping or flooding.

The plot was approximately 1150 feet in length. The upper 400
feet were used basically for the infiltration and rate-of-advance
studies due to the difficulty of maintaining good flow characteristics
in the lower ends of the furrows. This extra length was also benefi-
cial in that it provided an opportunity to extend the area of study if
nacessary, while it also eliminated the effect of the outflow condi-
tions normally encountered at the lower ends of furrows.

Sugar beets were planted on the plot since this crop was the
crop normally irrigated in this area by the furrow method. The tillage
operations, weed control, thinning, and harvesting were all done by the
farmer in a recommended manner. The fertilization was the farmer's
responsibility and was done as recommended along with the Agronomy

Department at South Dakota State College.
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The p%ot was laid out as shown by Figure II. The rows were
Bpaced 22 inches apart to correspond with the tillage equipment used
in this area. The area& used for the investigation consisted of five
areas, each 12 rows wide. The four areas, 18 rows wide, between each
of the slope study areas were used for moisture studies on another
phas& of the overall projeEct. The center five rows of each slope area
were used for the infiltration and rate-of-advance study. The remain=-
ing rows in each slope strip were used as border rows to eliminate any
outside effects from irrigation of the moisture areas between the
slope areas.

After the plot was planted to sugar beets on April 6th, smoil
moisture samples were taken approximately every week at the loca=-
tions shown by Figure III. The samples were taken at 12 locations and
at each foot inte&rval down to & depth of four feet. The samples were
then taken to the laboratory where they were oven dried and moisture
content determined. It is understandable that if the field capacity
and wilting point percentage are not known for the particular soil,
the moisture content will be almost meaningless. To obtain the wilt-
ing point and field capacity percentages, samples of soil were removed
at the same depths as the moisture samples. The samples wWere then
taken to the laboratory whiére the wilting point and field capacity
percentagas were approximated by applying fifteen atmospheres and
one~third atmosphere of tension respectively.

The runoff at the lower end of the slope strips was obtained by

Parshall measuring flumes with side stilling wells. Water level
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recorders were placed on the flumes to record the time and volume of
water flowing. It was assumed when the recorders were installed that
normal rainfall may cause runoff from the strips, hut available rain-
fall during the investigation produced no runoff. The only recordings
obtéined at the outlet end were during the actual irrigation period.
It was decided to direct three furrows into each two=inch Parshall
flume; the resultant volume was then averaged for the three furrows.
Figure XIII illustrates the total flow recorded from three furrows.

When the construction of the tensiometers was completed in
June, they were installed at four locations and at depths of 6 inches,
12 inches, 18 inches, 36 inches, and 48 inches. The readings were
taken daily and recorded. The daily loss of moisture was plotted as
shown by Figure XIV. The tensiometer readings were used only as a
guide in determining when the moil moisture was reaching the wilting
point. When the tensiomaters began to read high, soil moisture
samples were secured and the moisture content determined by drying.
The results could then be compared with the wilting point percentage
determined in the laboratory to determine how near the soil moisture
was to the wilting point. This also offered a rough check &s to the
value the tensiometers would read at wilting point.

The plot was furrowed before the first trial irrigation. The
first trial irrigation gave an indication of many of the problems that
should be corrected before the experimental irrigation. The range of
inflow and the furrow carrying capacities were also estimated during

this time. Another important factor noted during the trial irrigation
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was the reaction of the furrow sides and bottom to wetting. It was
observed that the soft sides of the furrows did not hold their shape
when the water soaked into them. Upon wetting, the soil lost its
structure and the sides, very noticeably, silted downward forming a
very flat~bottomed furrow. This changed the hydraulic characteristic
of the furrow.

The second irrigation was used as the experimental irrigation
for determining the rate of advance and the furrow infiltration. The
problem of the furrow structure was reviewed and it was decided to
examine the possibility of pulling foureinch diameter pipes behind the
Planter Junior furrow openers to aid in firming the bottom of the
furrow and to help form a better and smoother channel for flow. Figure
XV illustrates the four=inch diameter pipes pulled behind the furrow
openers. It was also decided that a slightly deeper furrow might be
advantageous with the very flat slopes on the plot. The depth of the
furrows were increased from four inches deep on the trial irrigation
to approximately 8six inches deep on the experimental irrigation. Fig-
ure XVI illustrates the approximate cross=sections recorded before the
experimental irrigation. Figure XVII shows the approximate cross-
sections recorded after the experimental irrigation. Generally, the
furrow gides lost their structure, giving a more gradual slope to the
sides and a flat bottom ranging from approximately four inches to
eight inches wide. The exception seemed to be at the upper end where
the width stayed approximately the same, but the bottom of the furrow

had washed out slightly. This washing was probably caused by the



Figure XV.

Four-inch Diame&ter Pipes and

Furrow Openers
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greater slope of each furrow in the first 50 feet of the furrow.
There was some indication that the furrow sides were generally more
firm during the experimental irrigation. This may have been another
factor responsible for less silting.

The water was supplied to the furrows by gated pipe. It was
decided to keep the stream size for the five test furrows of each slope
approximately the same. The stream size for each furrow was set so
that the maximum flow occurred without erosion or overtopping of each
furrow. The stream size or flow-rate from each gate was determined by
catching the outflow from a gate in a calibrated bucket. The flow-rate
was calculated by recording the time with a stopwatch. Several checks
wére made to obtain an accurate average of the flow from a particular
gate. The flow was checked several times during the irrigation to
record any change in flow-rate.

As the wetting front advanced down the furrow and reached one
of the one-inch Parshall flumes, depth readings were started and con=-
tinued until the depth flowing through the flume became constant.
Figure XVIII shows the streams flowing in the five te#it furrows of a
teast slope. An attempt was made to place the flumes level with the
furrow bottom in such a manner as to least interfere with the normal
flow of water in the furrow channel. Figure XIX illustrates a furrow
stream flowing through a one-inch Parshall fiume. The depth fiowing
in the Parshall flumes was measured by using a rule and placing it
upright in the flume throat. The inflowing stream was left constant

until the wetting front reached the lower end of the plot. The furrow



Figure XVIII.

Streams Flowing in Five Test Furrows of a Slope
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Figure XIX.

Furrow Stream Flowing Through a One-inch Parshall Flume

44



45

stream was then cut back to allow the stream front to just reach the
lower end of the plot and thus eliminate much unnecessary waste runoff.
If any runoff did occur, it was automatically recorded by the Parshall
flumes and recorders at the lower end of the test furrows.

The advance rate of the wetting front was also recorded along
with the depth reading in the one-inch Parshall flumes. The depth
readings in the flumes were continued until the flow through the
flumes became constant or submerged flow existed in the flume.

The cut-back stream was approximately one=fourth the flow-rate
of the original stream that was used while the wetting front was
advancing across the plot. When the wetting front reached the lower
end of the furrow, the inflow stream was normally shut down to elimi-
nate excess runoff. The time for the stream to advance the total 1150
feet was quite long. It was observed that when the wetting front
reached the lower end of the plot, the irrigation was #&pproximately
50 per cent completed. When the wetting front reached the lower end
of the plot, it was also observed that there were many areas of ponded
water located on the plot. This was probably due to the fact that
there were many low areas or areas where the landleveling fill had
settled. Figures XX and XXI illustrate the flooding and overtopping
that occurred in the low areas.

The tensiometers were observed and a soil probe was tiised to
determine when the soil reservoir was completely replenished. When it
was assumed that the reservoir was full, the inflow stream was shut

off and the irrigation was completed.



Figure XX.

Flooding and Overtopping
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Figure XXI.

Flooding and Overtopping
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The amount of water stored in the soil reservoir was determined
by taking moisture samples, oven-drying them, and relating them to the

samples taken prior to the irrigation.
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DERIVATION OF E{/UATIONS

Water flowing into a furrow usually goes into three types of
storage in the furrow., They are (1) volume infiltrated, (2) surface
storag®#, and (3) surface detention volume. The volume infiltrated is
the volume infiltrated into the soil during a period of time. The
surface storage i% the volume of water stored above the moil surface
during a period of time, and surface detention is the volume necessary
to fill the surface depressions and irregularities before flow can
occur. In equation form, it may be expresued as:

Vy =Vy + Vg + Vp (Eq. 10)
where:

Vp = total volume flowing into furrow

Vi = volume infiltrated

Vg = surface storage volume

Vp = surface detention volume.

As previously stated, the rate of intake of water into the soil

under furrow conditions may be expressed as:

I=Kt" (Eq. 1)
where:
I = intake rate per unit length of furrow
t = time after infiltration begins, in minutes

K, n = constants

A discussion of Eq. (1) seems in order since it is very impor-
tant to the approach considered here. Eq. (1) is an empirical equation

and is generally evaluated by the inflow=-outfloiw method.
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Data on the rate of advance of the wetting front in furrow
irrigation can generally be expressed by:

t =a xb

(Eq. 11)
where:

x = length of furrow wetted

t = time required to wet the length

B, b = constants

Eq. (11) is also empirical and does not have physical mignifi-
cance, However, it is indicated by field data that the rate of
advance of the wetting front is adequately expressed by Eq. (ll1l), if
the intake data are of the form of Eq. (1).

Smerdon (Z20) indicated that if the preceding statements are to
be assumed, the assumptions must also be made that the furrow slope is
congtant, tihe furrvow stream is constant, the iantake characteristics do
not change mlong the furrow, and the furrow shape is constant along
the furrow.

It seems logical to express the quantity of water that will

infiltrate over a unit length of furrow after a period of time (t) by

integrating Eq. (1) over the time from t = 0 to t = t,

Let this total infiltration equal Vi then we have:

t =t
Vi -j Idt (Eq. 12)
t =0
substituting:
t=t
vy =S K t? dt (Eq. 13)
t =0
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integrating:
t=t¢t
g edt 1

?I o eceoecccoeas (Eq- 14)
n+1

K ¢+ 1

R el (ch ].5)
n-+1

If thia Eq. (15) expresses the volume infiltrated, then it
seems practical to express the total volume infiltrated into the
furrow when a length x is wetted by integrating this equation again

from x = 0 to x = x. We can expréss this total volume by Vg:

X = X
VT = S VI dx (Eq. 16)
x = 0
substituting:
X = X
K t? + 1
Vg = S (Eq. 17)
n+1
x =0

We also asgume that if this expression is applicable to a
particular soil, then Eq. (ll) should also be applicable. By substi-
tuting Eq. (1l1):

K

v - - (a X
n+1

byn + 1 4y (Eq. 18)



52

integrating:
X =X
VT = - - an+1xb (n+1) dx
n+ 1
x =0
K xl:o(n+1)-z~].x”X
» samma g0t | R VR (Eq. 19)
n+1 b (n+1) +1
x =1

It can be easily seen that an equation relating both & and x
would be advantageous.

We know that, at any time, the sum of the volume of water in
surface storage, detention storage, and the total volume infiltrated
must equal the volume which has been applied to the furrow, providing
there is no water loss by other means, such as evaporation. Expressed

in equation form:

g t= VT + VS (El.l_. 20)
where:
Q = rate of flow into furrow
t = time
Vg = volume of surface storage after time (t)

Vi = given by Eq. (19) and is a direct function of x.

If we assume a constant or nearly constant depth of flow, we
may then say that:

VS = VSa X (Eq. 21)

where Vg, is the unit-length surface storage in the furrow.

—



53

The surface storage is indirectly a function of the length of
furrow, but is generally dependent on the depth of flow, the furrow
shape, and the shape of the surface profile of the advance wetting

front.

If we comsine Eq. (19), (20), and (21), we get:

b + 1) +
L EFD ALy« (Bg. 22)

If the rate-of-advance data from a given furrow is plotted on
log~log paper, the constants g8 and b can be determined. The method of
least squares can be applied to the data to obtain the line of best

fit and the values of a and b.

1f i and Vg, are determined and the constants K and n evalu-

ated, we can get an expression for the particular soil involved.
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RESULTS

The experimental resulcs of this investigation are part of an
overall 2tudy to determine the best criteria for furrow irrigation
development and management in southeastern South Dakota. The purpose
of this investigation was to determine a relationship for the rate ot
advance of the wetting front in an irrigation furrow and for the
intake rate of the particular soil involved.

Th& rate of advance of a wetted front down a furrow is a funce-
tion of the soil type, moisturé content of the soil, furrow input, and
furrow grade. As indicated previously, this study was limited to the
soil type that had beem graded for furrow irrigatiom.

The soil on this plot was classified as Blencoe silty clay loam.
The bulk density of the soil was determined in the field by the bal-

loon method. Table 2 illustrates the bulk densities:

Table 2. Bulk Densities

— location . Depth _ ___  — Bulk demsity
Upper end of plot surface 1.245 gr/cm3
Upper end of plot 1 foot 1.395 gr/cm3
Lower end of plot surface 1.183 gr/cm3
Lower end of plot 1 foot 1.493 gr/cmj
s - = I A —

The control of the moisture variable was difficuit due to the
fact that the farmer's irrigation equipment had to be used when avail-

able. Therefore, an analysis of the soil moisture was secured just
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before irrigation. The soil was sampled at four stations along each
of the five slopes. The soil was sampled at six=inch intervala down
to a depth of four feet. The top 18 inches are illustrated in

Table 3. The percentage of moisture before and after irrigation are

given in the table.

Rate of Advance

Many efforts have been made to predict the rate of advance of
wetting surfaces in furrow irrigation. Most of these procedures
require that the intake characteristics of the soil be known. This
would be relatively simple to do if it were not for the fact that most
fields are not homogeneous. The variations within fields due to cut
and fill areas, resulting from land forming and from persiatent crack-
ing of some soils, make determination of infiltration from infiltrome=-
ter observations difficult. Another factor that can not be evaluated
by a furrow infiltrometer is the effect of water movement in the
furrow on infiltration.

It seems that if the intake characteristics of a soil could hLe
determined by taking measurement of the wetting front during actual
irrigation, the results may be more reliable. By observing an entire
furrow, the size of the area being used for the infiltration determi-
nation is made sufficiently large so that the variability caused by
badly cracked soils is reduced.

The rate-of-advance curves are very important in determining

the size furrow stream and length of run to use. The rate-of-advance



Table 3., Moisture Percentage*

Before irrigation After irrigation
Location 6 _in, 12 in, 18 in. 6 in. 12 in, 18 in.
Slope 1
0 + 10 26 27 22 33 32 51
1+ 00 24 23 22 35 33 38
2 + 00 23 26 25 36 35 35
3+ 00 26 28 27 36 35 34

Slope 2
0 + 10 19 20 23 29 29 26
1 + 00 23 21 22 31 30 31
2 + 00 14 24 23 31 33 32
3 + 00 23 21 22 33 34 29

Slope 3
0 + 10 22 21 22 32 28 27
1 + 00 23 22 23 37 32 31
2 + 00 24 24 26 34 34 35
3+ 00 25 25 27 35 33 39
T T e ——— T ——rE e e e e e e
Slope 4
0+ 10 22 21 19 33 32 33
1+ 00 25 24 27 36 33 36
2+ 00 24 27 27 36 34 35
3+ 00 24 24 27 37 33 33

Ei

0+ 10 20 22 2l 32 32 29
1 + 00 23 23 25 33 33 33
2 + 00 26 25 28 35 36 36
3+ 00 24 26 26 35 29 36

*Second irrigation, July 22, 1963; taken along test furrow
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didta is summarized in Table 11 of Appendix B for each slope. In order
to arrive at the most accurate rate~of-advance curve, the time distance
measuret#nts for the center test furrow of each slope were plotted on
logarithmetic paper. The method of least squares was then applied to
the data to determine the curve of best fit for the points. The log
plot of these points suggested a straight line on log paper of the
form:

t=ax’ (Eq. 11)
The advance curves and equations are shown in Figures XXIX, XXX, XXXI,
XXXII, and XXXIII of Appendix A.

The equation determined for each slope was then used to plot

the rate-of-advance curves on rectangular coordinates. Figure XXII.
The set of rate-of-advance curves were generally parabolic in shape
and followed the expected pattern with respect to the furrow inputs.
It can be noted that the smaller stream size produced a steeper line
on the graph. If the rate-of-advance curves of Figure XXII are com=
pared to the slope of the lines of Figures XXIX, XXX, XXXI, XXXII, and
XXXIII of Appendix A, it can be seen that the rate-of-advance curves
of Figure XXII that tend to straighten are the same furrows that give
the grgater slope to the lines of Figures XXIX, XXX, XXXI, XXXII, and
XXXIII of Appendix A. This indicates continued advancement of the

wetted front at a more rapid rate.
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Infiltration From Differential Between Flumes

The field intake rate, or infiltration rate, is very important
in design procedure. As indicated previously, flow measurements were
made at the flumes in a manner which enabied computation of the furrow
infiltration rate in the section between the flumes. This rate was
determined in gallons per minute per 100 feet, gallons per minute per
foot, and then converted to inches per hour, based on a 22=-inch furrow
spacing. It is recognized that as the head of water increased in the
flume, some water went into furrow storage. It was very difficult to
obtain reliable results as to the amount of storage within a section
of furrow at a given time. Investigations by Beer (1) indicate that
the amount of storage withiin a flume station was found to be approxi-
mately three per cent of the water infiltrated for 40-inch rows.

As the time of infiltration is increased, the percentiage of
storage with respect to total infiltration will become less. There-
fore, it may be possible to assume the storage volume to be almost
negligible. For the analysis of this investigation, the storage
volume will therefore be assumed negligible, for the lack of any
definitg supporting data. Therefore, the infiltration rate was based
directly on the differential rate of flow as determined between flumes
or between the water source and a flume.

The infiltration data is shown for each slope in Table 12 of
Appendix B. The inflow rate is the inflow rate determined as the
water flowed from the gated pipe at the head of the furrow. The read-

ings are illustrated as they were recorded at each of the three
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100=-foot stations down furrow. The data for each slope was then
plotted on log~log paper in inches per hour as the ordinate and elapsed
time in minutes as the abscissa. It has been pointed out by many
investigators that the intuke rate for most soils can be adequately
expressed in the form:

I=K¢" (Eq. 1)
if the rate of advance of the wetting front is adequately expressed by
the equation:

t =axP (Eq. 11)

Both of these equations are empirical and do not have theoreti-
cal significance, With this assumption, that the infiltration fits the
form of the equation (I = K tn), the data for each slope was analyzed
by the method of least squares to determine an equation for the curve
of best fit. The data is plotted in Figures XXXIV, XXXV, XXXVI,
XXXVII, and XXXVIII of Appendix A for each slope.

In general, the greater the slope of the infiitration curve,
the steeper the slope of the graph for the rate-of-advance curves.

This is in agreement with the theory that with a given constant imflow,

the rate of advance should be related to the infiltration if all other

factors are constant.

Infiltration From Rate of Advance of Wetting Front

The intake of the soil may also be approximated from the rate

of the advance of the wetting front alone, assuming no storage. The

data and computations are shown in Table 13 of Appendix B. The data
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was then analyzed by the method of least squares and the line of best
fit was plotted on log~log paper. Figures XXXIX, XL, XLI, XLII, and
XLIII of Appendi: A. In comparison of the graphic plot of the infil-
tration determined by the flumes (Figures XXXIV, XXXV, XXXVI, XXXVII,
and XXXVIII of Appendix A) and the graphic plot determined by the rate
of advance (Figures XXXIX, XL, XLI, XLII, and XLIII of Appendix A),

it can be observed that the infiltration data from the flume determi-
nation is much more scattered than the infiltration data from the

advance rate alone.

Infiltration From Rate of Advance as a Border

It is the observation of the author that the equations ob-
tained by these two methods indicate relatively high infiltration
rates. Therefore, it was decided to analyze each slope as a border in
an attempt to obtain more supporting evidence. The total inflow to the
center five furrows of each slope was used to calculate the infiltra=-
tion in a similar manner as was done with the individual furrows pre=-
viously. The advance times of the five furrows for each slope were
averaged and this time was used for figuring the infiltration in inches
per hour. The data is illustrated in Table 14 of Appendix B. It was
analyzed by the method of least squares and the line of best fit was
plotted in Figures XLIV, XLV, XLVI, XLVII, and XLVIII of Appendi: A.

It can be noted that the infiltration rates obtained by considering
the slopes as a border are lower and generally fall less scattered

than those of the previous two methods: by flumes and advance in
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individual furrows. The rate~-of-advance curves are plogted in Figures
XLIX, L, LI, LII, and LIII of Appendix A for each border.

The following tables are a summary of the infiltration equations

obtained by each of the three methods:

Table 4, Determination by Differential of
Flow Between Flumes

Slope Equation
1 I= 9,91 71532
2 I= 44,10 T -6640
3 I = 158,00 T"1.2300
4 I= 13.45 773390
5 I= 53.00 17197

[ —— e e A el Al ALl SaEss ] s HE—s = a—= "

Table 5. Determination by Rate of Advance of Wetting Front
in Individual Test Furrow of Each Slope

slope Equation
1 I =83.9 T +7609
2 I = 32,1 T"-4640
3 1= 31,21 4316
4 I = 40.0 T"*4733
5 I =84.5 1 *%650

e e e - —— W e 2 —— ]
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Table 6. Determination by Rate of Advance Considering the Flow
in Five Furrows of Each Slope as & Border

Slope

Equation

1

2

-
]

13.70 T~+2875

1= 8.82 T 4390

-
a

-
(]

-
i

8.90 T
n.Jje g

18.00 T

.4650
.5080

.5930

The equations were averaged for each method and the standard

deviations calculated for K and n:

Table 7. Summary of Equations
Standard deviations
Me thod AVEL@ge gguations K n
Flume data I = 55.69 T"-6198 53.81 .3878
-.5896 .
Advance single furrow I =54.3T 24,58 .2053
Advance by border I = 12,22 %9185 3.42 .1975

The following tables show the rate-of-advance equations of the

wetting front for the two methods:



64

Table 8. Determination by Individual Test Furrows

b i e e  —— — . — ]

Slope Equation
1 T = .0068 x**37
2 T = .0003 x2-24
3 t = 0808 &2
4 T = .0078 x''®3
5 T = .0124 x 38

e L —— ]

Table 9, Determination by Considering Five Furrows
of Each Slope as a Border

Slope Equation
1 T = .0062 x'-98
2 T = .0012 %212
3 T « .0004 *°%7
4 T = .0096 x 57
5 T = .0142 x!°%

e e e

The rate-of-advance equations were averaged and the standard

devigtion calculated for each of thé& two methods:

Table 10. Summary of Equation#

BEtandard deviations
Method Average equations a b

Single furrow T = .0055 x++83 .0047 .3128
88

Bavder T = .0063 x'° .0052 .2650
W
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The values obtainéd for the infiltration rate and ratg of

advance do not correlate with the actual slopes of the study area.

The valu#s in Tables 4, 5, and 6 for infiltration, and Tables 8 and 9
for rate of advance do not follow the slope trend of the test furrows
as illustrated in Figure XI. It is difficult to distinguish any trend
or correlation between the degree of slope of the furrows and the
equations obtained. This lack of trend may lie in the fact that the
slopes in general are relatively flat and there are many low areas of
settlement where water ponded. The first 50 feet of each slope strip
was also relatively steep, which can be seen in Figure XI. This may
have also Leen a factor in removing a trend or correlation between the

slope and rate of advance and infiltration.

Application to a Specific Design Problem

The application of the infiltration and advance equations may
keat be illustrated by a typical design problem:
Problem: Determine an approximate furrow length and irri-
gation time to réplace five inches of moisture
on this type of Blencoe soil. The furrow input
will be approximately 23 - 28 gallons per minute.
The average rate-of~advance equation will be used:
T = 0063 xk-88 (Eq. 23)
The average infijtration equation for the border-flow method
was:

I=12.22 T"-9185 (Eq. 24)

where I 1s in inches per hour and T is in minutes,
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Eq. (4), paige 6, and Eq. (15), page 51, may now be applied to

find the total time to replace five inches of moisture.

Eq. (15) may be obtained by considering the area under the

curve of the inches per hour of infiltration.

The expression for the area under the curve is:

T
Area = S K T" dt

0
and:
Area
=m== = D = Surface inches of water applied
60

(Eq. 25)

(Eq. 26)

If the vilue of Area is subastituted and the integration per-

formed from T = 0 to T = T, we obtain:

or:.

- .

60 D(n+ 1)|n+1

T = WO e e - -
where T = time in minutes,
Applying:

1

(60) (5 in.) (=.5185 + 1) ] =.5185 + 1

= 172 minutes.

(Eq. 3, 15)

(Eq. 4)
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The criteria that the wetted front should reach the end of the
furrow in approximately 1/4 of the total irrigation may now be applied:
1/4 of 172 minutes = 43 minutes
172 + 43 = 195 minutes that water is applied to head of furrow.

The design furrow length may now be determined from the rate=-of=-
advance equation:
T = .0063 x!-88

.0063 x1-88
.5320

43

x = (6830)
= 110 feet.

This illustrates the method used for design procedure using the
infiltration and advance equations. The value obtained for design
furrow length is obviously too limited for any practical value.

The use of this design method also verifies the assumption that
excessive lateral subsurface movement probably occurred. This is
largely evidenced in the fact that the constant b of the advance equa-
tion:

T = ax’ (Eq. 11)
is too large. The large value of b indicates too great a slope of the
advance line on log paper, or an advance rate that is too slow to be
practical. It can be seen that the constant b, or advance rate, has
the greatest influence on Eq. (l1) in the determination of the design
length,

The use of a cutback stream makes the application time of 195

minutes slightly impractical. When the furrow stream reaches the
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lower end of the furrow, the inflow stream is usually cut back to
approximately 1/4 the normal inflow rate. This will increase the time
that it takes to fill the soil reservoir but will economize on water.

Investigations by Beer (1) in Harrison County, Iowa, on Blencoe
soils with a #lope of .1 per cent, obtained an infiltration equation
of:

1=15.5 770-33

(Eq. 27)
and an advance equation of:
T = .0001 x2+0 (Eq. 28)
Using these equations (Eq. 27, 28) obtained by Beer and apply-
ing the preceding method, the results obtained for Beer's equations

give approximately the same design length as that obtained for the in-

vestigated plot in southeastern South Dakota.

Infiltration From Rate of Advance With and Without Infiltration

The infiltration rate for a given furrow may also be determined
if the rate of advance can be determined with little or no infiltra-
tion in the furrow. By using equations for the rate of advance of the
wetted fronts with infiltration and without infiltration, the infil-
tration rate of the soil may be determined. The biggest obstacle in
this analysis was to determine the rate of advance for no infiltration.
Several methods could possialy be employed to estimate this non=
infiltration flow, such as sealing the furrow with a spray or using a
liner in the furrow. Neither of these methods was employed in this

investigation. It was noted during field tests that the advance of the
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wetted front was quite rapid for the first 25 to 50 feet of the furrow.
This was assumed to be a period of 1little infiltration, due to the fact
that the input is high relative to the rate at which water can be in-
filtrated into the soil. It was therefore assumed that a straight line
tangent to the curve of the rate of advance of the wetting front at
this point should be the approximate curve of a wetting front with
little or no infiltration. The best estimate of this tangent line was
obitained by using the origin and the first station at which the rate
of advance was determined. A straight line was drawn through these
two points and the equation of this line was assumed to be the equation
of a wetting front in a furrow with little infiltration. The equation
of the line was determined to be of the form:

Ry = a' x (Eg. 29)

We now have two equations for each furrow. They are:

T=ax (Eq. 11)
for a furrow with infiltration, and:

T =a'x (Eq. 29)
for a furrow with no infiltration.

It seems logical to assume that the easiest way to find the in-

filtration would be in guantity of infiltration per length of furrow.
We then can use the expression:

S (Eq. 30)
L T1 (x/100)
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where:

Q/L = average infiltration rate in gallons per minute per
100 feet of furrow

time at which infiltration rate is daesired

-3
|l
i

b
]

distance front would travel in time Ty with infiltration

T

5 time for front to travel distance x with little or no

infiltration.
Thus an average infiltration-rate curve may be determined for the soil.
An example will be given to clarify the procedure. It is

desired to know the avarage furrow infiltration rate at T; = 60 minutes

for slope three. The rate-of-advance equation for slops three is:

T = .0003 x%°22

If T, = 60 minutes is substituted in this equation, the distance can

be computed.

60 = .0003 x2°+22
60 ].45
X B | eeee= = 250 feet.
.0003

The equation T = a1 x can be obtained by using the origin and
the first control point and drawing a straight line tangent to the
curve through these two points. Figure XXIII. The equation obktained
wag found to be:

T, = .067 x (Eq. 31)

Subgtitution of x into this equation yields the time T, :

T, = .067 (250)

= 17 minutes.
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This now permits the calculation of T; - T or the difference in time
it would take a wetted front to travel the same distance under the two
different conditions. By multiplying the furrow input by this time
difference, the total volumt assumed to be infiltrated can be computed.
The denominator of th&# Eq. (30) converts the total volume to a rate
based on time T; and a distance x:

cee = eciaen- c--- (Eq. 30)

L T, (x/100)

(60 = 17) (24 gpm)

(60) (250/100)

= 6.75 gpm/100 feet.
This indicates that the water infiltrates into the soil at the rate of
6.75 gpm per 100 feet or it the rate of .0675 gpm per foot whe&n 60
minutes have elapsed. This same procedure may be repeated for any
value of T). Thus an average infiltration-rate curve may be determined
for any furrow imput, providing the constants for the rate-of=-advance

gquation are known.

Discharge=-Time Curves

Another method for determining the infiltration rate 1s to plot
the discharge-time curve for each flume Etation on coordinate graph
paper. The curves for lower mtations should be successively lower than
the upper stations. Figures XXIV, XXV, XXVI, XXVII, and XXVIII illus-

trate the plotted curves for each slope. The area between the curves
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represents the amount of water that infiltrated into the soil between
the 8tations. The difference between the ordinates hetween any two
stations at a given time is the sum of the infiltration rate and the
instantaneous change in storage between the two stations at that time.
It can be moted that the curves follow the expected pattern except that
for slop# No. L. The curves for the 200~-foot and 300-foot stations
crosi the curve for the 100=foot station. This condition might be
explained by the fact that the 200-foot and 300-foot flumes became
submerged when water ponded in low areas around the flume stationms.
Therefore, the depth readings taken in the flume throat were probatbly

increased as a result of this condition.

General Discussion

The values obtained for the infiltration equations in this in-
vestigation are slightly higher than might normally be expected for
this type of soil. The equations obtained by using the differential
rate of flow between flumes and using the rate of advance from the
single test furrow of each slope gave the largest values. An explana~-
tion for this may be in the fact that surface storage was considered
negligible when in fact it actually has some effect on the equation.
Another vgry noticeable factor was the lateral movement of subsurface
water from the area of the test furrows. This factor wa® quite notice-
able when water appeared in furrows six = eight rows laterally from the
tegt furrows with no overtopping of furrows taking place. The theory

that extensive lateral movement had taken place was verified somewhat
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when the adjacent areas to the test furrows were irrigated. The rate
of advance of the wetting front in these areas was generally more
rapid than on the previously irrigated test areas. This indicated
that some water probably moved laterally from the test areas.

The slope areas were analyzed as a border and the infiltra-
tion figured from the advance of the border wetting front. The equa-~
tions obtained by this method indicated a more practical infiltration
rate for this soil type. It was assumed by this method that more of
the lateral movement effect of the subsurface water could be elimi-
nated. When the equations considering border flow were analyzed, the
standard deviations of the constants K and n of Eq. (11) were notice-
ably smaller. This would indicate that the results obtained by the
border method were more consistent and leas variance occurred between
the results for each of the test slopes.

The relative agreement of the results in this investigation and
by Beer (1) in Harrison County, Iowa, on Blencoe soils indicates that

the values obtained may be approximately representative of the Blencoe

soil type.
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SUMMARY

A furrow-irrigated plot has been investigated for the purpose
of obtaining relationships for the rate of advance of the wetting
front and for the rate of infiltration.

An efficient furrow-irrigation system requires a properly
designed length of furrow and knowledge of the average furrow infil-
tration rate over the entire iength of furrow.

It was shown that for a given furrow grade, furrow input, and
soil type the wetted front moved through the furrow according to the
equation T = a hb where T is the time in minutes after furrow input
has been introduced, and x is the distance in feet down the furrow
that the wetted front has progressed in time T. It was also shown
that two slightly different systems of equations can be developed by
first determining the rate-of-advance equations in a singie test furrow
and by secondly considering a system of five adjacent furrows as a
border. The average equations for the five slopes studied are:

1.85 (Eq. 22)

Single test furrow -~= T = ,0055 x
Five furrows as a border === T = ,0063 x1.88 (Eq. 33)
The rate of advance of the wetting front was expressed as a
straight line on log-log paper and as a parabolic curve on rectangular
graph paper.

Several approaches for determining the furrow infiltration rate

of the Blencoe soil were presented. They were:
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Method 1. Using the differential rate of flow as determined
between Parshall flumes placed at measured
stations in the test furrows.

Method 2. Using the rate of advance of the wetting front in

the test furrow, assuming no storage.

Method 3. Using the rate of advance of the wetting front

considering five adjacent furrows of each slope
as a border, assuming no storage.

Method 4. Using the discharge-time curves plotted for each

station of the test furrow on each slope.

Method 5. Using the two conditions: rate of advances with

infiltration and rate of advance with little or
no infiltration.

The infiltration curves for the differential rate of flow be-
tween flumes were plotted on log=-log paper. They are illustrated in
Figures XXXIV, XXXV, XXXVI, XXXVII, and XXXVIII of Appendix A. The
average infiltration equation obtained by this method was:

I = 55.69 T 6198 (Eq. 34)

The infiltration rates as determined from the rate of advance
of the wetting front in the single test furrow of each slope are
illustrated in Figures XXXIX, XL, XLI, XLII, and XLIII of Appendix A.
The average equation obtained was:

I = 54.34 T -3896 (Eq. 35)

The infiltration rates as determined from the rate of advance

of five adjacent furrows of each slope are illustrated in Figures XLIV,
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XLV, XLVI, XLVII, and XLVIII of Appendix A. The average equation
obtained was:

1= 12,22 779083

(Eq. 36)

When the results obtained for the rate of advance and for the
rate of infiltration are correlated with the five different slopes,
there seems to be no well defined correlation. This indicates that
the slopes were too flat and uneven and that there was not enough
distinction btetween slopes in this investigation to make a definite
correlation of these factors possible.

The discharge=-time curves can be used to obtain the amount of
water that infiltrated between stations. The difference between the
ordinates between any two stations at a given time is the sum of the
infiltration rate and the instantaneous change in storage at that time.

The infiltration rate may be determined at any desired time if
the advance rate can be found with infiltration and without infiltra-
tion. The furrow input multiplied by the difference in time that each

wetted front passes a particular distance gives the volume that has

infiltrated. The equation for this application is:

can T Searccmccccaes (Eq. 30)
LT, (x/100)

Therefore, an average infiltration equation can be determined
for any furrow input, providing the constants for the rate-of=-advance
equations are known.

The variations within the plot due to cut and fill areas, which

resulted from land forming, made reliable infiltration studies very



difficult. There was no doubt that the infiltration results were

affected somewhat by uneven field conditions.

83
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CONCLUSIONS

The following conclusions can be drawn from the preceding

investigation:

lo

It can be concluded that the average rate=-of-advance
equations obtained by the single furrow method and the
border method are approximately similar. They may be
assumed to be approximately representative of the Blencoe
80il under conditions similar to those of this investi-
gation. The equations obtained were:

85

Single test furrow T = .0055 xl° (Eq. 32)

Five furrows as a border T = .0063 x]"88

(Eq. 33)
It can be concluded that the infiltration equations
obtained by considering the five furrows of each slope as
a border are most representative of the Blencoe soil
involved. The average equation for the borders was:

I =12.22 T +°185 (Eq. 36)

It can be concluded that the infiltration equations
obtained by the differential rate between Parshall flumes
and by the rate of advance in the single test furrows
produced rates impractical to this soil type and soil
conditions. The average equations were:

Differential between flumes# I = 55.69 T-'6198 (Eq. 34)

Advance in single test furrow I = 54.34 r--9896

(Eq. 35)
It can also ke concluded that these high values obtained
may be due to the unevenness of the furrow grade and the
excessive lateral movement of subsurface water.

It can te comcluded that the slopes were too flat and
uneven in this investigation to obtain a correlation
between the different slopes and the values obtained for
the rate of advance and the rate of infiltration.

It can be concluded that the discharge-time curves plotted
for each station of the test furrow on each slope resulted
in an approximate figure for the quantity of water infil-
trated at a particular time. This procedure illustrated
trends between fiume stations along the test furrow.
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It can be concluded that the procedure using the two con-
ditions=--rate of advance with infiltration and rate of
advance with little or no infiltration=--produced a rela-
tively accurate value for the infiltration rate. The
expression:

cene T escoccccecas - (Eq. 30)
L T, (x/100)

requires only a knowledge of the furrow inflow rate and
the rate-of-advance equation with infiltration. The rate-
of -advance equation for little or no infiltration may be
approximated by graphical methods.
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SUGGESTIONS FOR FURTHER INVESTIGATIONS

l. Investigate the volume of surface storage in the furrows
and attempt to find a surface storage function applicable to the cone
ditions in the irrigation furrows encountered in southeastern South
Dakota.

2. Investigate the possibility of lateral subsurface movement
of water and the extent to which it affects the infiltration and the
rate-of-advance equations for the furrows on the Blencoe silty clay
loam.

3. Investigate methods and procedures for obtaining irrigation
furrows with better hydraulic characteristics and staliility on flat
slopes and on Blencoe silty clay loam soils.

4. Investigate the usie of different size furrow inflow streams
to:

(a) determine the optimum stream #ize,

(b) determine the relationship between the stream sizes
and the infiltration rates,

(c) obtain data so that the infiltration and rate of
advance can be determined for a given time, stream
size, and length of furrow.

5. Investigate the effects of initial moisture content on the
infiltration rate and the rate of advance of the water in the furrows
with Blencoe silty clay loam soil.

6. Investigate the change in the infiltration rate of the soil

due to change of temperature of the soil and water. Determine the
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amount of increase of the intake rate with increase in temperature on

the Blencoe silty clay loam.

7. Investigate the methods for obtaining more uniform slopes
on the very flat grades. Attempt to eliminate the problem of ponded

areas.

8. 1Investigate the use of modified borders for irrigation in

this area of southeastern South Dakota.
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APPENDIX B. DATA TABLES



Table 11.

Rate of Advance Data

118

Furrow number

1 2 3 4 5
Elapsed Elapsed Elapsed Elapsed Elapsed
time time time time time
Station (min.) (min.) (min,) (min.) (min.)
Slope 1
0 + 00 start start start start start
0 + 50 5 5 5 6 6
1 + 00 10 26 8 12 14
1 + 50 20 45 16 22 30
2 + 00 45 23 45 50
2 + 50 80 85 30 80
3+ 00 116 115 50 85 110
4 + 00 90 150 190
5+ 00 128
6 + 00 280 173 317
7+ 00 350 2170 390
8 + 00 480 510 515
Slope 2
0 + 00 start start start start start
0+ 50 4 4 2 4 4
1 + 00 11 31 S 27 24
1 + 50 41 74 29 87 81
2 + 00 84 129 39 174
2 + 50 139 179 55 204
3 + 00 194 89
4 + 00 384 204
5 + 00 379
Slope 3
0 + 00 start start start start start
0+ 50 2 5 2 3 4
1 + 00 5 26 6 22 23
1 + 50 19 53 22 52 55
2 + 00 47 77 45 89 99
2 + 50 82 72 142 153
3+ 00 114 162 97 188 198
4 + 00 168
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Table 11. (Continued)

m
Furrow number

1 2 3 4 5
Elapsed Elapsed Elapsed Elapsed Elapsed
time time time time time

Station (min.) (min.) (min.) (min.) (min.)
Slope 4

0 + 00 start start start start start
0 + 50 5 9 6 7 8
1 + 00 12 23 Lz 21 30
1 + 50 30 40 22 45 51
2 + 00 50 62 45 75 90
2 + 50 80 85 65 140 135
3 + 00 110 135 82 188 195
4 + 00 200 180
Slope 5

0 + 00 start start start start start
0 + 50 8 9 7 15 6
1 + 00 25 14 16 35 45
1 + 50 53 52 29 60 75
4 + 00 95 90 45 165 120
2 + 50 110 115 67 120 145
3 + 00 150 152 105 165

4 + 00 290 185
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Table 1i. 1Infiltration Data by Differential Between Flumes

Elapsed time (min.) Inflow Loss in
at head Outflow furrow

Station Station Average (gpm) (gpm) (gpm) m/ft. in./hr

start 27.9
15 7 11 27.6 13.4 14.2 .142 7.45
36 28 32 28.6 15.6 13.0 .130 6.82
43 35 39 8.6 16.5 12.1 121 6.35
60 52 56 28.4 17.6 16.8 .108 5.65
74 66 70 28.6 19.6 9.0 .090 4.71
95 87 91 28.6 20.4 8.2 .082 4.27
133 125 129 28.6 20.4 8.2 .082 4,27
185 177 181 28.6 20.4 6.2 .062 3.26
300 292 296 28.6 20.4 8.2 .082 4,27
401 393 397 28.6 20.4 8.2 .082 4,27
0 + 00 2 4+ 00
start 27.9
15 27.6
36 13 24.5 28.6 13.4 15.2 .076 4,71
43 20 31.5 28.6 17.5 11.1 .056 2.94
60 37 48.5 28.4 23.0 5.4 .027 1.41
74 51 6..5 28.6 28.6% 0.0
95 72 83.5 28.6 30.2% =-1.6
133 110 121.5 28.6 33.0% 4.4
185 162 173.5 26.6 33.0% -6.4 *Submergence
0 + 00 3 + 00
start
15
36
43
60 10 35 28.4 9.3 19.1 .064 3.37
95 45 70 28.6 17.0 11.6 .039 2.04
133 83 108 28.6 21.9 6.7 .022 l1.14
185 135 160 28.6 22.6 4.0 .013 0.66
300 250 275 28.6 23.0 5.6 .019 0.98
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Table 12. (Continued)

Elapsed time (min.) = Inflow Loss in
at head Outflow furrow

Station Station Average  (gpm) (gpm) (gpm) _gpm/ft. in./hr,

Slope 2
0+00 1+ 40
start 22.2
13 4 8:5 2.4 3.8 19.0 .190 9.95
31 22 26.5 22.2 11.3 10.9 .109 5.73
40 31 35.5 222 14.2 8.0 .080 4.19
58 49 55,15 222 17.0 5.2 .052 2.70
79 70 74.5 24,2 20.4 3.8 .038 Z.00
121 112 116.5 23.5 20.4 3.1 .031 1.61
385 376 380.5 24.0 21.7 2.3 .023 1.21
449 440 444.5 24.0 21.7 2.3 023 1.21
0 + 00 2 + 00
start
13 22.2
al 22,2
58 19 38.5 22.4 7.2 15.0 .075 3.92
79 40 59.5 24,2 12.3 11.9 .059 3.10
1i1 82 101.5 23.5 14,2 9.3 047 1.47
149 110 129.5 23.6 17.6 6.0 .030 1.57
325 286 305.5 23.7 20.4 3.3 017 0.90
385 346 365.5 24.0 21.7 2.3 .012 0.63
454 415 434.5 24.0 21.7 2.3 012 0.63
0 + 00 3 + Ou
start
13
31
58
79
121 42 76.5 23.5 6.8 16.7 .056 2.94
149 60 104.5 £3.6 7.7 15.9 .053 2.78
325 236 280.5 28.7 13.4 10.3 .034 1.76
385 296 340.5 24.0 13.4 10.6 .035 1.84
454 365 409.5 24,0 13.4 10.6 .035 1.84
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Table 12. (Continued)

Elapsed time (min.) Inflow Loss in
at head Outflow furrow
Station Station Average __(gpm) (gpm) (gpm) _gpm/ft. in./br,
Slo
0 + 00 1 + 00
start 23.6
10 4 7 23.6 7.7 15.9 .159 8.82
2 15 18 23.6 12.3 11.0 .110 5.77
42 36 39 23.6 17.6 6.0 .060 3.14
57 51 54 23.6 17.6 6.0 .060 3.14
78 72 75 24.0 22.6 1.4 .014 0.71
102 96 99 24.0 23.6 0.4 .004 0.20
138 132 135 24,0 23.6 0.4 .004 0.20
157 151 154 24.0 23.6 0.4 .004 0.20
0 + 00 2 + 00
start
10
21 23.6
42 23.6
50 5 27.5 23.6 11.3 12.3 .062 3.22
57 12 34.5 23.6 17.5 6.1 .031 1.59
102 57 79.5 24.0 22.6 l.4 .007 0.37
138 93 115.5 24.0 23.3 0.7 .004 0.18
157 112 134.5 24,0 23.6 0.4 .002 0.11
0 + 00 3 + 00
start
10
21
44
50
57
102 5 53.5 24,0
108 11 59.5 24.0 11.3 12.7 .042 222
138 41 89.5 24,0 10.3 13.7 .046 2.40
167 70 118.5 24,0 15.6 8.4 .028 1.47
173 76 124.5 24,0 17.5 6.5 .022 1.14
212 115 163.5 264.5 23.0 1.5 .005 0.26
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Table 12. (Continued)

Elapsed time (min.) _ Inflow Loss in
at head OQutflow furrow

Station Station Average (gpm) (zpm) m m/ft. in./hr

Slope 4
0 + 00 1 + 00

start
15 3 9 24.0 9.3 14.7 . 147 7.72
22 10 16 24.0 13.4 10.6 .106 5.56
il 19 25 24.0 16.5 7.5 .075 3.92
41 29 35 24.0 16.5 7.5 .075 3.92
52 40 46 24.0 17.6 6.4 .064 3.37
67 55 61 24.0 20.4 3.6 .036 1.88
95 83 89 27.2 22.6 4.6 .046 2.55
120 108 114 28.6 22.6 6.0 .060 3.14
150 138 144 28.6 23.0 5.6 .056 2.94
175 163 169 28.6 23%3 5.3 .053 2.78
200 188 194 29.2 26.4 2.8 .028 1.45
0 + 00 2 + 00
start
52 7 29.5 24.0 5.7 18.3 .092 4,78
65 20 42.5 24.0 10.3 13.7 .069 3.62
75 30 52.5 24.0 11.8 12.2 .061 3.22
93 48 70.5 27.2 16.5 10.7 .054 .78
123 78 10.5 28.6 17.5 11.1 .056 2.90
150 105 127.5 28.6 17.6 11.0 .055 2.86
172 127 149.3 28.6 17.6 1i.0 .055 2.86
194 149 171.5 29,2 17.6 11.6 .052 2.77
300 255 277.5 29,2 23.3 5.9 .030 1.53
0 + 00 3 + 00
start
88 6 47 27.2 4.2 23.0 .077 4.04
128 46 87 28.6 8.6 20.0 .067 3.49
146 64 105 28.6 9.9 18.7 .062 3.16
178 96 135 28.6 12.3 16.3 ..054 2.84
195 113 154 29.2 13.4 15.8 .053 2.76
425 443 402 29.2 17.5 11.7 .039 2.04
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Table 12. (Continued)

Elapsed time (min.) _ Inflow Loss in
at head Outflow furrow
Station Station Average  (gpm) (gpm) (gpm) _gpm/ft. in./hr,
Slo
0 + 00 1 + 00
start 24.0
19 3 11 24.0 6.4 17.6 .176 9.20
27 11 19 24.0 12.3 11.7 .117 6.11
35 19 27 24.0 16.1 7.9 .079 4.17
56 40 48 24.0 17.5 6.5 .065 3.41
65 49 57 24.0 17.6 6.4 .064 3.35
100 84 92 24.0 19.6 4.4 044 2.30
118 10% 110 24.0 21.7 2%.3 .023 l.21
137 121 129 23.5 20.4 3.1 .031 1.62
242 226 234 24.0 20.4 3.6 .036 1.89
290 274 282 24.0 21.7 2.3 .023 .21
0 + 00 2 + 00
start
54 9 3).5 24.0 5.3 18.7 .093 4,88
67 22 44.5 24.0 10.3 13.7 .069 3.48
101 56 78.5 24.0 14.2 9.8 .049 2.56
120 75 97.5 24.0 17.6 6.4 .032 1.68
138 93 117.5 23.5 16.5 7.0 .035 1.83
243 198 220.5 24.0 17.6 6.4 .032 1.68
288 243 265.5 23.5 20.4 3.1 .016 0.81
0 + 00 3 + 00
start
121 16 68.5 24.0 5.3 18.7 .062 3.26
140 35 87.5 23.5 8.6 14.9 .050 2.60
245 140 192.5 24.0 17.5 6.5 .022 1.14
286 181 233.5 23.5 20.4 3:1 .010 0.54
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Table 13. 1Infiltration From Rate of Advance of Wetting Front

L = == - _———— — ——

X t ot Intake gassgg;gg no storage)

ft. min.)  (ft.”) (ft.3/ft.) ft.o/min./ft. in./hr.)
Slope 1
0 = 28 gpm = 3.74 f£t.3/min.

50 5 18.6 .372 .0745 29.29
100 8 29.9 .299 .0374 14.70
150 16 60.0 .400 .0250 9.81
200 23 86.1 .431 .0188 7.38
250 30 112.1 .449 .0149 5.84
300 50 187.0 .623 .0125 4.91
Slope 2 3
0 =22.2 gpm = 2,97 ft.”/min.

50 Z 5.9 .119 .0594 23.29
100 8 23.8 .238 .0298 11.69
150 29 86.1 .574 .0198 7.77
200 39 115.8 .578 .0148 5.81
250 55 163.3 .653 .0119 4,66
300 89 264.1 .880 .0099 3.88
Slope 3 "

Q = 24 gpm = 3.21 £t.%/min.

50 2 6.4 128 .0640 25.10
100 6 19.3 .193 .0322 12.62
150 22 70.6 472 .0214 8.40
200 45 144.5 722 .0l161 6.32
250 72 231. .923 .0128 5.02
300 97 311.5 1.038 .0107 4,21
Slope &4 .

[ = 24 gpm = 3,21 ft.3/min.

50 6 19.2 .384 0640 25.10
100 12 38.6 .386 .0322 12 .61
150 22 70.6 471 .0214 8.39
200 45 144 .5 .723 .0161 6.31
250 65 208.5 .834 .0128 5.02

300 82 263.4 .878 .0107 4.19




Table 13. (Continued)

X t Qt Intake (assuming no storage)
(ft.)  (min.)  (ft.3) (ft.5/ft.) (ft.3/min./ft.) (in./hr.)
Slope 5
0O =24 gpm = 3,21 ft.3/min.

50 7 22 .4 448 .0641 25.75
100 16 51.4 .514 .0321 12.59
150 29 93.2 .622 0214 8.39
200 45 144.5 .723 .0161 6.31
250 67 215.0 .861 .0129 5.06
300 105 337.8 1.124 0112 4.39

b= —————— ————— e L SmrormE— s R o b e o
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Table 14. Infiltration From Rate of Advance as a Border

_— e oarea—
X t¥ ] Intake (assuming no storage
(ft.)  (min.) (gal.) (gal./ft.) (gal./min./ft.) (in./hr.)
Slope 1
Average Q = 28.3 gpm
50 5 142 2.83 .566 5.9
160 14 396 3.96 .283 2.97
150 21 595 3.97 .189 1.98
200 41 1160 5.80 .141 1.48
250 69 1953 7.82 .113 1.17
300 95 2685 8.95 .094 0.99
400 143 4050 10.13 071 0.75
Slope 2
Average [ = 23.3 gpm
50 & 93 1.86 .465 4,88
100 21 489 4,89 238 2.45
150 62 1445 9.63 .155 1.63
200 107 2493 12.47 .117 1.23
250 144 3355 13.42 .093 0.98
300 180 4194 13.98 .078 0.82
400 294 6850 17.10 .058 0.61
Slope 5
Average 0 = 23.8 gpm
50 3 71 1.43 476 5.0C
100 16 381 3.81 .238 2.50
150 40 652 6.35 .159 1.67
200 71 1690 8.50 .119 1.25
250 112 2666 10.66 .095 1.00

300 152 3618 12.06 .079 0.83




128

Table 14. (Continued)

X t* Qt Intake (assuming no storage)
(ft.) (min.) (gal.) (gal./ft.) (gal./min./ft.) (in./hr.)
Slope 4
Average ( = 26.0 gpm

50 7 182 3.64 .520 5.46

100 20 520 5.20 .260 2.73

150 38 988 6.59 .173 1.86

200 64 1664 8.32 .130 1.37
250 101 2626 10.50 . 104 1.09
300 142 3692 12.31 .087 0.91
400 190 4940 12.35 .065 0.68
Slope 5
Average (1 = 24.0 gpm
50 S 216 4.32 .480 5.04
100 27 648 6.48 .240 2.52
150 54 1296 8.64 .loi 1.68
200 91 2184 10.92 .120 1.26
250 111 2664 10.66 .096 1.08
300 143 3432 11.44 .080 0.84
400 288 6912 17.28 .060 0.63

t* = average time (min.) for five test furrows of each slope

S —————————— S S ES— — T



	South Dakota State University
	Open PRAIRIE: Open Public Research Access Institutional Repository and Information Exchange
	1964

	Rate of Advance and Infiltration on Furrow Irrigated Blencoe Soils in Southeastern South Dakota
	Richard C. Pedersen
	Recommended Citation


	11162018_153559-0001
	11162018_153559-0002
	11162018_153559-0003
	11162018_153559-0004
	11162018_153559-0005
	11162018_153559-0006
	11162018_153559-0007
	11162018_153559-0008
	11162018_153559-0009
	11162018_153559-0010
	11162018_153559-0011
	11162018_153559-0012
	11162018_153559-0013
	11162018_153559-0014
	11162018_153559-0015
	11162018_153559-0016
	11162018_153559-0017
	11162018_153559-0018
	11162018_153559-0019
	11162018_153559-0020
	11162018_153559-0021
	11162018_153559-0022
	11162018_153559-0023
	11162018_153559-0024
	11162018_153559-0025
	11162018_153559-0026
	11162018_153559-0027
	11162018_153559-0028
	11162018_153559-0029
	11162018_153559-0030
	11162018_153559-0031
	11162018_153559-0032
	11162018_153559-0033
	11162018_153559-0034
	11162018_153559-0035
	11162018_153559-0036
	11162018_153559-0037
	11162018_153559-0038
	11162018_153559-0039
	11162018_153559-0040
	11162018_153559-0041
	11162018_153559-0042
	11162018_153559-0043
	11162018_153559-0044
	11162018_153559-0045
	11162018_153559-0046
	11162018_153559-0047
	11162018_153559-0048
	11162018_153559-0049
	11162018_153559-0050
	11162018_153559-0051
	11162018_153559-0052
	11162018_153559-0053
	11162018_153559-0054
	11162018_153559-0055
	11162018_153559-0056
	11162018_153559-0057
	11162018_153559-0058
	11162018_153559-0059
	11162018_153559-0060
	11162018_153559-0061
	11162018_153559-0062
	11162018_153559-0063
	11162018_153559-0064
	11162018_153559-0065
	11162018_153559-0066
	11162018_153559-0067
	11162018_153559-0068
	11162018_153559-0069
	11162018_153559-0070
	11162018_153559-0071
	11162018_153559-0072
	11162018_153559-0073
	11162018_153559-0074
	11162018_153559-0075
	11162018_153559-0076
	11162018_153559-0077
	11162018_153559-0078
	11162018_153559-0079
	11162018_153559-0080
	11162018_153559-0081
	11162018_153559-0082
	11162018_153559-0083
	11162018_153559-0084
	11162018_153559-0085
	11162018_153559-0086
	11162018_153559-0087
	11162018_153559-0088
	11162018_153559-0089
	11162018_153559-0090
	11162018_153559-0091
	11162018_153559-0092
	11162018_153559-0093
	11162018_153559-0094
	11162018_153559-0095
	11162018_153559-0096
	11162018_153559-0097
	11162018_153559-0098
	11162018_153559-0099
	11162018_153559-0100
	11162018_153559-0101
	11162018_153559-0102
	11162018_153559-0103
	11162018_153559-0104
	11162018_153559-0105
	11162018_153559-0106
	11162018_153559-0107
	11162018_153559-0108
	11162018_153559-0109
	11162018_153559-0110
	11162018_153559-0111
	11162018_153559-0112
	11162018_153559-0113
	11162018_153559-0114
	11162018_153559-0115
	11162018_153559-0116
	11162018_153559-0117
	11162018_153559-0118
	11162018_153559-0119
	11162018_153559-0120
	11162018_153559-0121
	11162018_153559-0122
	11162018_153559-0123
	11162018_153559-0124
	11162018_153559-0125
	11162018_153559-0126
	11162018_153559-0127
	11162018_153559-0128
	11162018_153559-0129
	11162018_153559-0130
	11162018_153559-0131
	11162018_153559-0132
	11162018_153559-0133
	11162018_153559-0134
	11162018_153559-0135
	11162018_153559-0136
	11162018_153559-0137

