EQUATIONS FOR RUNOFF FROM FURROW IRRIGATION

by &>

FRANCIS EUGENE OHMES

B. S., Kansas State University, 1969

A MASTER'S THESIS
submitted in partial fulfillment of the
requirements for the degree
MASTER OF SCIENCE
Department of Agricultural Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1971

Approved by:

s Vg

Major Pronssor




TABLE OF CONTENTS

INTRODUCTION . . . . . oo e e
PURPOSE OF STUDY . . . . . . .

.« @ « @ * @ *® @ @ * ® s & @ * @ L] LI . @ I'

REVIEW OF LITERATURE . & o s « & o & s s o s o & 2 o 5 &« « & » o = ¢« o« s s+ D
Review of Previous Work
Development from Theory
INVESTIGATION . « « ¢« v o ¢ o o o o o & § W R R R @ & 8 % E W . 23
Equipment and Procedures
Data Analysis and Results
SUMMARY AND CONCLUSIONS . & & & « ¢ ¢ o o o o o o o o o o s s o ¢ s o o o 54
SUGGESTIONS FOR FURTHER STUDY . . . . . . . s o % s b n oww e s e wowow s B
NOMENCLATURE . . . . . . R R 58
ACKNOWLEDGMENTS . . « & & o o o o o 5 s o o s s s o o 6 s s s ¢ s ¢ o & . 62
REFERENCES . . & o = « o o ¢ o « « N
APPENDIX . .« ¢ ¢ ¢ ¢« & « & « o e 8 s s s e s 6 s e s s u e s . s 65



Figure

11.
12.
13.
14,
15.
16.
17.
18.
19.
20.

21.

LIST OF FIGURES

Inflow and Outflow Hydrographs for a Given Furrow (9) . .

Mass Curves of Inflow and Qutflow Hydrographs from a Given
Furrow (9). . . . « « « « « « . . ..

Mass Flow Hydrograph for Zone |

Mass Flow Hydrograph for Zones | and I

Mass Flow Hydrograph for Zones I, 11, and Il . . . .
Mass Flow Hydrograph for Zones |, Il, |11, and IV .
Layout of Experiment Field and lIrrigation System

Orifice Plate Construction . . . . . « .« « .

Typical Orifice Plate Installation as Viewed from Head End of Plot.

Runoff Curve Determined by Measured Runoff Rates from Plot E-34 .
Runoff Curve Determined by Empirical Equations for Plot E-34
Runoff Curve Determined by Measured Runoff Rates from Plot M-18 .
Runoff Curve Determined by Empirical Equations for Plot M-18
Runoff Curve Determined by Measured Runoff Rates from Plot M-15 .
Runoff Curve Determined by Empirical Equations for Plot M=-15
Logarithmic Curve for Runoff from Plot E-34 . . . . . . . . . ..
Logarithmic Curve for Runoff from Plot M-18 .

Logarithmic Curve for Runoff from Plot M-15 .

Volume of Runoff from Plot E~34 .

Volume of Runoff from Plot M-18 . . . . . . . . . . . « .

Volume of Runoff from Plot M=15 ., . . . . . .

Page

15
15
20
20
24
27
28
35
35
36
36
37
37
39
40
i
I
L
45



Table

LIST OF TABLES

Pertinent Information from the Seven Plots Selected for
Detailed Runoff Analysis . . . . . . . « . .+ « + &

Runoff Equations Determined for the Seven Selected Plots .

Comparison of Runoff Volumes Calculated by the Empirical
Equation Method and by the Mean Rate Method . . . .

Summary of Correlation Coefficients for Runoff Equations for
Zone 11

Page

. 33
. 43

. 47

53



INTRODUCT I ON

The domain of irrigation is becoming ever larger. Each year a greater
percentage of the arable land is placed under irrigation. Likewise, an
increase in the demand for water suitable for irrigation is realized each
year. At the same time, non-agricultural interests exert a similar increas-
ing demand on the existing water supply.

In the past, the prevalent attitude appears to have been to disregard
the need for water conservation. However, lowering water tables in many
areas as well as increasing competition for existing water supplies have
shown that the water supply is not unlimited. As the realization of a
limited water supply becomes more apparent, refinement of present water con-
servation methods, as well as development of new methods, is dictated. In
particular for irrigation, refinement and development of methods which not
only meet agronomic requirements but also realize efficient water usage
become increasingly more important.

While irrigation water can be applied by various methods, furrow irri-
gation is popular in many areas. Water is delivered at the head end of the
furrow. As it advances down the furrow, some of the water infiltrates into
the soil, some is temporarily stored on the soil surface, and the rest con-
tinues to move down the furrow. This process continues until the flow
reaches the end of the furrow, at which time runoff begins. When Inflow is
terminated, runoff and surface storage begin to decrease, and continue to
decrease until they also terminate.

According to Criddle, et al., (1), if a reasonably uniform distribution



of water is to be attained, the water should reach the end of the furrow in
one-fourth the total irrigation time. Total irrigation time is defined as
the time required to infiltrate the desired amount of water into the soil.
Irrigation under the one-fourth time rule will give a reasonably uniform dis-
tribution of water and thus will reduce water loss to deep percolation, but
at the same time will produce considerable runoff.

A method of reducing runoff from furrow irrigation known as cutback
irrigation can be used. In cutback irrigation, when the water initially
reaches the end of the furrow, inflow is reduced to more nearly conform to
the intake rate of the soil. This method is a simple water conservation
method, but one which is not often used because of the labor required to
change the inflow. Automated surface irrigation promises to be a solution to
the labor requirement (2). Automated cutback irrigation can be a method of
reducing runoff from furrow irrigation, and thus can be a practical water
conservation method.

Unless runoff water can be reused, it is wasted. Numerous investigators
(3, 4) have studied the problems involved in the reuse of runoff (tailwater)
for irrigation. The design of a tailwater reuse system often involves the
design of a holding structure for the tailwater. Inherent in the design of
the reuse system is a knowledge of the quantity of tailwater that will be
realized from a given irrigated area. Thus, a satisfactory method of deter-
mining runoff is necessary in order that tailwater reuse systems can be pro-
perly designed.

Only recently has the idea of computer irrigation scheduling received
notice as a practical water conservation method (5, 6). In computer irriga-

tion scheduling, an account of the water added and the water used or lost in



an area is maintained with the aid of a computer in order to determine when
to irrigate and how much water to apply. The water account is based on the

equation (7):

P+ { - Sy =4D+ &M+ fEdt +U (1)
where P = precipitation
| = irrigation water
SD = direct runoff
JE dt = evapotranspiration
AD = change in surface storage

AM = change in soil moisture storage

U = deep percolation loss
This equation requires a knowledge of the amount of runoff realized from an
irrigation. Thus, the need for a method of accurately determining runoff is
apparent if the concept of computer irrigation scheduling is to be useful as
a water conservation method.

From observation of furrow irrigation, the fact that runoff varies as a
function of time is apparent. Runoff commences after a period of irrigation
time has elapsed. The runoff rate gradually increases, then reaches a steady
state condition if the irrigation is continued long enough. When inflow is
terminated, the runoff rate rapidly decreases to zero. The fact that runoff
rate varies with time provides a method for determining runoff from furrow

irrigation.



PURPOSE OF STUDY

The purpose of this study was to obtain a simple method of determining
the amount of water added to the soil in an area under irrigation. While
remembering certain simplifications, the amount of water added to the soil is
equal to the Inflow minus the outflow, or runoff. Inflow can be easily
measured at the head end of the furrow and is, in most cases, essentially
constant. What remained to be determined was a satisfactory relattonship for
runoff. With this relationship determined, water application could easily be
calculated. |If the amount of soil water added during an irrigation could be
determined, the chances of over or under irrigation would be reduced. Irri-
gation efficiency could also be evaluated if the amount of inflow and runoff
were known.

The principal objective of this study was to develop an equation with
time as an independent variable, to determine runoff from furrow irrigation.
The equation sould be in a form that can easily be used without requiring the

evaluation of the numerous factors that influence runoff rate.



REVIEW OF LITERATURE

Review of Previous Work

The flow pattern for furrow irrigation has been characterized as being
non-uniform, unsteady, and spatially varied. It is subject to many factors,
some of which change throughout the irrigation period. Among factors that
influence the flow pattern are inflow, infiltration, and furrow characteris-
tics such as slope, shape, and roughness,

Due to the complexity of mathematical derivations involving the factors
that determine flow patterns of furrow irrigation, as well as the evaluation
of the factors themselves, many investigators have based their considerations
on the continuity equation. From the continuity equation, inflow equals
infiltration plus outflow plus any water that is stored on the soil surface.

Davis (8) used the following form of the continuity equation in his
development of an equation to estimate the rate of advance of water flowing

in an irrigation furrow:

Ve =Vt v (2)
where ¥, = the volume of water entering the furrow
v, = the volume of water infiltrated into the soil
v the volume of water stored in the furrow.

This form of the continuity equation is applicable only until the water
reaches the lower end of the furrow. In order to use the continuity equation
for longer periods of irrigation during which runoff occurs, a term to des-

cribe the volume of runoff water must be included. With this consideration



the continuity equation becomes:

= v, + +
Ve =V, tv by (3)

where v, = the volume of runoff water.

Wwu (9) presented a method for describing furrow irrigation using the
concept of the overland flow hydrograph, a graphical solution to the con-
tinuity equation. This concept was based on the overland flow hydrograph for
watershed runoff developed by lzzard (10). For a given section of furrow, if
the period of constant inflow continues long enough, the outflow will develop
a shape similar to the one shown in Fig. 1. Wu recognized four separate

zones in the outflow hydrograph, each having its own flow characteristics.

Zone |: (0--TL)

In Zone |, flow is advancing downstream, expressed by an advance func-
tion. Infiltration varies with time and distance from the head end of the
furrow. Runoff is zero. Zone | extends from irrigation time equals zero to

the time flow reaches the end of the furrow, TL.

Zone 11]: (TL--TE)

The outflow (runoff) is expressed by the rising part of the hydrograph
in Zone |l. The whole section of the furrow is covered with water, and infil-
tration intensity varies with time and location along the furrow section.

This zone describes flow from time TL to time TE, the time at which outflow

reaches a maximum rate.

Zone I11: (TE--TC)

During Zone 111, flow is in equilibrium, runoff rate is constant and at

a maximum. Infiltration is constant for the whole furrow section and is at a
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minimum. Zone |1l extends from time T_ to time T the time inflow is termi-

E c*

nated.

Zone 1V: (TC—*TR)

In Zone |V, flow is expressed by recession flow. Infiltration is con-
stant and the same as in Zone }}l. Zone IV continues until time TR, the time
runoff terminates.

Capitalized symbols were used to designate the time limits of the Zones,
as these times represented constant values. |In this thesis, constants are
represented by capitalized symbols, and variables by lower case symbols.

Analysis of the mass curves of the inflow and outflow hydrographs, Fig.
2, as presented by Wu, can yield information on the total infiltration in a
given furrow section. The inflow mass curve minus the outflow mass curve is
the sum of the total infiltration and surface storage. |f the amount of sur-
face storage can be estimated or assumed and the inflow and ocutflow deter-
mined, the total infiltration can be found.

Wu suggested two methods for estimating the maximum surface storage.
One method estimates the maximum storage from recession flow, considering the
maximum storage as the sum of the volume of recession outflow and the infil-
tration during recession flow. Presentation of this method has been made by
Allen et_al. (11), but due to its complexity is not presented here.

Wu suggested the maximum storage can also be estimated from the shape
of the furrow and the shape of the water surface profile. This method has
been presented by Fok et al. (12). They show the average depth of water on

the soil surface can be expressed by:

B, o s ()




where D5 = the average depth of water on the soil surface
D0 = the normal depth
B = an empirical constant in the advance function (13):
x=hnt" (5)
in which x = the distance water has advanced at time t
£, the advance time, in minutes
A and B = empirical constants obtained by evaluating data for the advance

equation.

Normal depth can be measured or can be determined from inflow, furrow slope,
Chezy's or Manning's roughness coefficient, and the cross-sectional area of
the furrow. The advance function can be determined by plotting on log-log
paper the distance the water has advanced versus the time required for the
water to advance the given distance. Storage volume, VS’ can be obtained by
multiplying the average depth of water on the soil surface by the furrow
length and the row spacing.

Davis (8) determined an equation for computing surface storage for use
in calculating an advance equation. His equation was:

v, = [C F(d) + E]lx (6)

where C = a factor that depends on the shape of the water surface and on the

shape of the furrow

[

f(d) = some function of the depth of water flowing in the furrow channel
E = the puddle factor which represents the depth of water that would
remain in the depressions along the length of the furrow if the

furrow were first filled with water and then drained

x = the length of furrow the water has covered in its advance.
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Recalling the continuity equation for long periods of irrigation,
V=¥, F V. % Vs if the inflow rate is known and a satisfactory relation-

i
ship for v is used, only the term v, or v remains to be determined in order

to solve the equation. If the depth of water added to the soil by an irriga-

tion is of primary interest, the equation could be better written:

D=V_I=VE-(VS+VR) )
I WL wL
where D| = the average depth of water added by an irrigation
W = the row spacing
L = the furrow length.

Only VR remains to be determined in order to find the amount of water added
by an irrigation.
VR is the total volume of runoff water obtained from an irrigation. A

method of calculating V, specified by the Soil Conservation Service Field

R
Manual (14) is based on mean rate calculations. The time runoff started is
observed and recorded. Runoff rates and their corresponding times are
measured at intervals throughout the irrigation periocd. Mean runoff rates
are determined between two successive runoff readings, then are multiplied by
the corresponding time interval between the two readings. The runoff volumes
obtained are then summed to give the total runoff volume realized from the
irrigation.

This same basic approach has been used by other researchers in the
determination of runoff volume. Clark (15) determined runoff volume by
recording the upper head on one-inch free discharging Parshall flumes with
water level recorders. Water from four furrows was channeled through each

Parshall flume. Total runoff volume was calculated by mean rate calculations

with the aid of a computer.
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Pope (3) used the hydrograph concept to determine runoff. Measurement
of the runoff was accomplished with an H flume and water level recorder. The
pen trace on the strip chart formed a continuous record of time versus head
on the H flume measuring device. Head readings were converted to flow rates
at 15 minute intervals to obtain a hydrograph of flow rate versus time. Cal-
culation of runoff volume was made with a digital computer, based on values
obtained from the hydrograph,

Hydrographs obtained by Pope were based on runoff from a number of fur-
rows rather than only on one or several furrows. These hydrographs did show,
however, that runoff began after a period of irrigation time had elapsed,
then gradually increased. They did not show a period of constant outflow.
This was due to the length of irrigation time. That is, the irrigations did
not last long enough for constant outflow to be established.

Other investigators have used the volumetric approach for measuring
runoff (11). This method involves channeling the runoff into a large con-
tainer and measuring the total accumulated volume of runoff that has occurred
from the start of runoff until the time the measurement is made. This method
can be used only for small plots. Calculation of runoff rates using this

method still requires an averaging technique.

Development from Theory

The continuity equation states that input must equal output. For irri-
gation, input considers only that water fed into the furrow during the irriga-
tion process. This consideration eliminates water from precipitation. On the
other hand, output is made up of several components, These components include

the volume of water infiltrated into the soil profile, water stored on the



soil surface, water lost to evapotranspiration, water lost to deep percola-
tion, and water lost to runoff. |In equation form, this can be written:

VE = VI + VS 4 VET + VP + VR (8)

Evapotranspiration losses are difficult to measure and are relatively
small compared to the other components. For the purposes of this study, eva-
potranspiration losses were disregarded. Deep percolation losses can be com-
bined into the infiltration volume term. With this simplification, evaluation
of deep percolation losses was not required.

During the irrigation process, the value of the surface storage term is
significant. This term can be evaluated or estimated as set forth by Wu (9)
or by a method that will be presented later. At the end of the total irriga-
tion time surface storage vanishes, adding either to the value of runoff or
becoming soil water. Thus, evaluation of components during the irrigation
process should include evaluation of the surface storage term. Evaluation of
the total irrigation process need not include a separate term for surface
storage.

The value of components during the irrigation process can be calculated
by using Equation 3. For theoretical evaluation of the term Vs the concept
of four separate zones in the overland flow hydrograph will be used. First,
however, certain assumptions must be made. These assumptions are:

1. The furrow channel is prismatic and has a mild sliope.

2. The inflow at the upper end of the furrow is constant during the

entire irrigation process.

3. The advance function can be described by the equation:



L. The infiltration rate is uniform across the top width of the furrow
cross-section. The infiltration is known and is the same for the
entire furrow length. The effect of water depth on infiltration is
negligible,

The total volume of water infiltrated into the soil can be evaluated by

using infiltration functions presented by Israelson and Hansen (16):

=Kt (9)
and
i=K tOM + g (10)
where i = infiltration rate, in inches per hour
t, = opportunity time for infiltration, in miputes
K = an empirical constant
N = slope of the infiltration curve on log-log paper
Ic = the basic infiltration rate that will be approached if the irriga-

tion period lasts long enough.
Equation 9 is used for short irrigation periods and Equation 10 is used for
irrigation periods that last long enough for a constant infiltration rate to
be established. For use in this analysis, Equation 10 will be used, but will
be rewritten in the form of two equations. For time from the beginning of

the irrigation until T the time at which a constant infiltration rate is

E’
attained, the infiltration rate can be described by:
=kt ()
o

For time TE to TC’ the infiltration rate is constant and can be expressed:

i= 1 (12)

In order to evaluate the term Ve the remaining terms of the continuity

equation must be determined separately for each of the four zones.
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Zone 1: (O--TL)

In Zone 1, Fig. 3, flow in the furrow channel is expressed by an advance
equation. Since flow in Zone | has not reached the end of the furrow, v = 0.
The volume of inflow equals surface storage plus infiltration.

The depth of water that will have infiltrated into a small unit length
(4x) of the furrow after an opportunity time to, is given by integrating
Equation 11 between the limits 0 and t.:

N o, _ o _ K N+1
d; = of Tidt = oS Kt T dt) = protg (13)

The opportunity time for infiltration at a given section of furrow x,

whose advance time is ta’ and at a given time t, is given by:

t =t -t (14)
(8] a

The total volume of water infiltrated in the furrow at a given time t is
expressed by integrating the depth of infiltrated water from furrow length 0

to x and multiplying by the furrow spacing W:

X
K N+1
Vi = W I W}‘ (t ta) dx (]5)
0
if the advance function is described by the equation, x = A taB, then,
solving for ty:
e, = Gua)'/B (16)
Substitution of Equation 16 into Equation 15 yields:
X
- K - 1/B,N+1
v, =W / T e O/A) 7] dx (17)

0
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Wu (9) has shown that since t_ is smaller than t except at the tip of

the water front, Equation 17 can be expanded by binomial expansion:

X

K
vi =¥ I ey [t
0

N+1

) m BN D 1 ax (8)

Using the first two terms as a close approximation and integrating from O to

X, upon rearranging, Equation 18 becomes:

oo MRkl Wt 5 N (19)
i 12 (N+1) 12(B+1)
In Zone |, the advance time is the same as the irrigation time. Equation 19

can be written:

WKx N+1 [1 = B(N+1)]

Vi T 1oy ¢ B+l (20)

Since the absolute value of N is always between 0 and 1, and N is always
a negative quantity, the value of the term 1 - B(N+1)/B+]1 can be shown to be
positive and less than one. This is based on fact that the value of B can be
calculated by the Equation (11):

B = e-0.6(N+l) (21)

For simplification, let the term 1 - B(N+1)/B+1 equal C Since W and

E
K are also constants and are positive, the term WK/12(N+1) can be represented

by a constant called CZ' Equation 20 can then be written:

N+1
; CICZX t (22)

<
Il

~ N+1
v, = xC3 t (23)

The term N+l is always less than one but greater than zero. Since, in
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Zone 1, v, = 0, v. =v_ - vi- If x in Equation 23 is the distance from the
tip of the water front to the head end of the furrow at time t, the value of
v, at that time can be represented, as in Fig. 3, by the difference between
the inflow curve and the infiltration curve. It can be seen that the volume

of water stored on the surface in Zone | varies as a function of time.

Zone |1: (TL--TE)

In Zone 11, inflow equals surface storage plus infiltration plus runoff.

At time T , the time at which flow reaches the end of the furrow, VS = VE -

L’
VI. Although v in Zone |1 is still a function of time, change in the value
of the total surface storage volume is small and therefore can be considered

constant. The assumption that v after time TL can be considered constant can

be deduced from work done by other investigators (2, 17). For the purposes of
this study, Ve in Zone Il will be considered constant and equal to the value

of VE - VI at time TL'

in Zone |1, the entire furrow length L is covered with water, but the
infiltration intensity varies at each point along the furrow section. Since

L is a fixed length and t is greater than T,, the total volume of water infil-

L’
trated at time t can be obtained from Equation 19 by substitution of L and TL

for x and t_:
a

. T B ks

N
Vi Tty Y T Taeen ¢ (24)

where L the totai length of the furrow, in feet

L

In order to find the volume of runoff in Zone I, Equation 3 can be

]

the time required to wet the total furrow length, in minutes

written:



Mo BN P Y 2 R (25)

As in Zone |, v, at time t can be expressed by a constant inflow rate Q, tim
the elapsed irrigation time t.
Recalling that Ve in Zone |l is considered a constant and equal to VE

V. at time T,, Equation 25 can be rewritten:

I L?
- _ N+1 N _
v, =Qt - Gt + Gt Ve (26)
where C, = WKL/12(N+1)
05 = WKLTLB/!2(8+I)
Equation 26 is shown graphically in Fig. 4,
Since N is always between 0 and -1, the term Qt + C3tN E VS increases

more rapidly than does the term ChtN+i. This indicates that the volume of

runoff increases at an increasing rate as time increases. |If time after T

L
is designated t for runoff time, and since VR = () at time TL’ the volume of
runoff can be expressed by an equation of the form:

v.o=cot " (27)
where C6 = a constant
t. = runoff time, in minutes
M = an exponent.

The value of M is greater than zero due to the increase in runoff volume as
runoff time increases. 66 is greater than zero due to the fact that, at any
time greater than = 0, the volume of runoff is greater than zero.

If Equation 27 is differentiated with respect to to, instantaneous

runoff rates can be determined:

es
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div)  dlc,e ™y !
r = g = 6 [ = ‘—"—'—"—""—6 (28)
dt © o dt m-1
r r
Equation 28 can be rewritten:
=Rt ® (29)
r
where R = CG/M"I
§ = M-1
Figure 1 shows that the runoff rate in Zone Il is always increasing.

This dictates that 5 be greater than zero and thus, the value of M must be

greater than one. Likewise, R must be greater than zero.

Z : =T
one (11 (T =-T.)

At time TE’ infiltration along the entire furrow section is constant.
Surface storage during Zone [ll is in fact constant, and at a maximum, due to

the constant and minimum infiltration rate along the entire furrow section.
The increment of total infiltration, Avi, can be expressed as Avi = WLIcAt
since the infiltration rate is constant and equal to IC‘ Since both the

infiltration rate and the inflow rate are constant and the surface storage is

constant, the runoff rate must also be constant. |If the constant runoff rate

in Zone |1l is denoted as RE’ the total accumulated volume of runoff from time
TE to TC can be expressed as:
TC
Ve = [ Rpdt =R (T, -Tp) (30)
TE

This can be shown graphically as in Fig. 5.
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Zone 1V: (TC--TR)

The Increment of total infiltration, Avi, can be expressed as Avi =

chLI At, where c, is a coefficient with a value less than one that varies

c
with time due to reduction of the wetted perimeter of flow during recession
flow. Since the infiltration rate is constant and equal to the infiltration

rate in Zone IIl, and inflow is zero, the total accumulated volume of runoff

from time TC to TR can be expressed as:

T

oy . R
Vp = Vg - WLI i [ 7 e de (31)

C

where VS is the volume of surface storage in Zone II1.

The volume of runoff from recession flow is small compared to the volume
of runoff from Zones 1! and I1l (except for short total irrigation time). The
evaluation of c. is dependent on recession flow and was not within the scope
of this study. For these reasons, the volume of runoff from Zone IV will not
be considered in this analysis and will not be further discussed.

Over the irrigation period, except for Zone IV, the volume of runoff can

be described by the equations:

S+1
R tr
e 52)
for time from b, ® 0 to tr = TER’ and by:
RTERS+l
Vr = -—*-S—:T—'—-"‘f RE(tr = TER) (33)

for time tr = 0 to tr = TCR'

TER is the equilibrium time expressed in terms of runoff time; in
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minutes, T is the inflow termination time expressed in runoff time.

CR

Runoff rates during the irrigation period, except for Zone IV, can be

described by Equation 29 for time tr =0 to tr = TER’ and by:

r=Rg (34)

for time from tr = TER to tr = TCR'
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INVESTIGATION

Equipment and Procedure

This study was comprised of two basic parts. The first part consisted
of determining a relationship between runoff rate and time. To determine
this relationship, it was necessary to gather detailed runoff data from
selected plots. For the purpose of this study, the term "furrow'" will desig-

nate an individual furrow. The term "

plot" will be used to designate one or
more furrows channeled into a single orifice plate. The second part of the
study consisted of determining the amount of water that had been put on indi-
vidual plots during an irrigation. Individual plot intake characteristics
were also studied. To accomplish these objectives, it was necessary to obtain
inflow and runoff data for all of the plots in the field.

The experiment field was located on the property of Pratt Feedlot lInc.,
at Pratt, Kansas. The field consisted of six plot series, with each series
containing ten plots. Soil in the plots was determined to be of the Naron-
Farnum Association (18) with a basic intake rate of 0.10 inches per hour. All
six series were planted to corn with a furrow spacing of 30 inches. Furrow
length on the first series ranged from 197 feet to 365 feet. Furrow length
for the other series was 203 feet. Slope on all the series was less than 0.5
percent. A layout of the field is shown in Fig. 7.

Viater was delivered to the furrows by gated pipe. A gate valve and a

standpipe were located at the entrance of each gated pipe lateral. Inflow

into each lateral was regulated by adjustment of the gate valve to maintain a
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predetermined head in the standpipe. Gate settings were made prior to the
start of the irrigation to deliver a predetermined inflow rate to each furrow.

Determination of inflow rates was made by using the orifice equation.
First, the orifice equation was used to calculate a calibration coefficient
for each gate on the gated lateral used during the irrigation. This calibra-
tion coefficient was then used in the orifice equation to calculate inflow
rates for individual furrows.

For determination of the calibration coefficients, the time required to
fill a one gallon container with water from the gate in question was measured.
The head in the standpipe for the lateral on which the gate was lecated was
also measured. These measurements were taken, in most cases, at least twice
during the irrigation period. The value of the calibration coefficient was

determined by the equation (19):

¢y = q/chhg (35)

calibration coefficient considering both orifice edge roughness

where cg
and orifice area
qg = inflow rate, in gallons per minute, determined by dividing one by
the time in minutes required to fill the one gallon container
G = force of gravity, 32.2 feet per second squared
h = head in the standpipe, in feet, measured from the center of the
gated pipe lateral to the water level in the standpipe.
An average calibration coefficient was calculated if more than one set of
calibration measurements were taken.
Standpipe head readings were measured at intervals during the entire

irrigation process. Using the calculated average value for Cg’ it was pos-
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sible to calculate inflow rates throughout the irrigation period by again
using the orifice equation and solving for q.

Runoff rates were measured in two different ways. The first consisted
of using an orifice plate. The orifice plate, as shown in Fig. 8, was made
from a one foot by three foot sheet of 16 gauge sheet metal. A one-inch dia-
meter hole was drilled 0.62 feet from the top and centered on the plate. A
slot, two inches deep and three inches long, centered over the orifice, was
removed from the top edge of the plate. This was to provide an extra outlet
in event of rainfall or if runoff exceeded the capacity of the orifice. This
was a measure to keep the orifice plate from being washed out,

The orifice plate was driven into the ground so that it stood verti-
cally at the lower end of the center furrow of the plot. It was driven into
the ground until the one-inch hole was 0.2 feet from the bottom of the furrow
channel. Dikes were built on the flanks of the orifice plates. The furrow
section behind the plate was maintained in original condition as much as
possible except for cuts in the furrow walls which were used to channel run-
off water from more than one furrow into the orifice plate. During the
irrigations, either one, three, four, or five furrows were channeled into one
orifice plate. A drainage ditch was placed below the orifice plates which
carried the runoff water from the area so that the orifices could flow unsub-
merged. The layout for this method is shown in Fig. 9.

When using the orifice plates, runoff rates weré determined by one of
two methods. One method involved measuring the length of time required to
fill a one gallon container with runoff water flowing through the orifice.
This was considered to be an accurate method for determining runoff rates,

and was used to obtain the detailed runoff data from selected plots.
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The second method of measuring runoff rates with the orifice plates
required measuring the distance from the top of the orifice plate to the water
level behind the orifice plate. This measurement was later converted to a
head measurement. Using the equation for flow through an orifice the runoff

rate for a given head was determined (19):

q = ¢ A v2Gh_/ 0.002228 (36)
oo 0
where ¢ = orifice coefficient
Ao = orifice area, in square feet
ho = head on the orifice, measured from the center of the orifice,

in feet.

The value of c, was determined in the laboratory after the irrigations were
completed by subjecting the orifice to given heads and measuring the resultant
outflow. Since the heads were small compared to the size of the orifice, the
value of ¢, was not constant. When subjected to linear analysis, it was found
that A could be represented by an equation in which the value of < varied as
a function of the head. Each orifice plate was individually calibrated and an
orifice calibration equation determined for each.

When water first flows through the orifice and until the head is above
the top edge of the orifice, flow will not be orifice flow but will be weir

flow. For weir flow, the flow rate can be determined by the equation (19):

q= &, aw/Zth / 0.002228 (37)

where <, = weir coefficient

]

|
w

h
W

weir area, in square feet

i

weir head, measured from the bottom of the orifice, in feet.
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The value of c,, was determined in the laboratory for various heads and was
found not to be a constant. When subjected to linear analysis, c, Was found
to be an exponential function of the head measured from the bottom of the
orifice. Each orifice plate was individually calibrated and a weir calibra-
tion equation determined for each plate.

Although drainage ditches were provided to allow free flow from the
orifice plates, the drainage ditches for Series 5 and 6 did not perform so as
to meet this requirement. During the latter part of the irrigations on these
two series, water level in the drainage ditches remained sufficiently high as
to cause some of the plots to flow as partially submerged and submerged ori-
fice flow., Since partially submerged and submerged orifice flow were encoun-
tered, it was necessary to use different equations to calculate these types
of flow. The times at which the water level began to remain high in the
drainage ditches were sufficiently late in the irrigation periods so that no
partially submerged weir flow measurements were encountered.

Submerged orifice flow can be calculated if the upper head behind the
orifice plate and the lower head in front of the orifice plate have been
measured. These values were measured and recorded during the course of irri-

gations where necessary. Submerged orifice flow was calculated by the equa-

tion (19): ]
C ¢ AV THTY / o.
q cvo 26 hu h] / 0.002228 (38)
where ¢y = orifice coefficient
hu = uypper head, in feet
h, =

1 lower head, in feet.
Partially submerged orifice flow can also be determined if the upper and

lower heads are known. However, partially submerged orifice flow is made up
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of two parts. Flow includes that from the part of the orifice above the lower
head and that from the part of the orifice below the lower head. Flow from

above the lower head can be calculated by the eguation (19):

= v26(h - h,) / O.
qy = c,a,;Y26(h - h|) / 0.002228 (39)

where q = flow rate from the part of the orifice above the lower head, in
gallons per minute,
a, = only that orifice area above the lower head, in feet squared.

1

Flow from the portion of the orifice below the lower head acts as submerged

orifice flow and can be calculated by the equation (19):

q; = cOaZJZG[(hU - hij + hd]/2 / 0.02228 (40)
where 9, = flow rate from the portion of the orifice below the lower head,
in gallons per minute
a, = only that orifice area below the lower head, in feet squared
hd = distance from the upper water level to the top edge of the

orifice, in feet.
Total flow rate from a partially submerged orifice then can be calculated by
adding the flow from both portions:
q=q, +4q, (41)
The second method used to measure runoff rates was a supplement to the
orifice plates. In series | and 2, the runoff rate frequently exceeded the
capacity of the orifice to discharge water. Therefore, a three inch pipe was
inserted through the dike on one flank of the orifice plate. This pipe was
plugged until the maximum capacity of the orifice was nearly exceeded. From

that time and until the end of the irrigation, runoff readings were taken by
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measuring the length of time required to fill a 2.54 gallon container with
water flowing through the pipe.

Data from plots used for detailed runoff rate analysis were obtained
from two different irrigations. Plots used for detailed analysis were chosen
by their performance during previous irrigations. That is, from previous
irrigations, it was known that certain plots maintained flow down the furrow
channels without losing any water to, or gaining any water from, furrows next
to them. This is a necessary consideration if an accurate water balance is to
be maintained and accurate runoff readings are to be obtained. The test plots
represented three different types of runoff conditions. Among conditions
represented were: runoff from a single furrow, runoff from more than one
furrow whose advance times were nearly equal, and runoff from more than one
furrow whose advance times were not equal but were not drastically different.
The plots used, together with irrigation number, irrigation date, average
inflow, furrow length, runoff condition, and number of furrows channeled into
each plate are shown in TABLE 1.

Initial runoff time was observed and recorded for the plots used for
detailed analysis. Runoff readings were, in general, taken every 5 minutes
for the first half hour of runoff, every 10 minutes for the second half hour,
every 15 minutes for the next hour, every 30 minutes for the next two hours,
and every hour for the next two hours. After that, and until inflow was ter-
minated, runoff readings were taken at random times during the day.

For the remaining plots, those not selected for detailed analysis,
initial runoff time was not always observed and recorded. Runoff readings
were obtained by taking head readings on the orifice plates and by the pipe

flow method (Series 1 and 2). Readings were taken at random intervals over
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the course of the irrigation period. An average of seven readings was taken

for each plot during each irrigation.

Data Analysis and Results

The data obtained from the seven plots selected for detailed runoff
analysis were plotted on rectilinear coordinate paper with elapsed irrigation
time on the abscissa and runoff rate on the ordinate. Resulting graphs of
the plots representative of the three runoff conditions, that is, runoff from
one furrow, runoff from more than one furrow whose advance times were nearly
equal, and runoff from more than one furrow whose advance times were not
equal but were not drastically different, are shown in Fig. 10, 12, and 14.
These graphs display the characteristics of the overland flow hydrograph as
presented by Wu (9). Runoff started after a period of time, then gradually
increased until a maximum runoff rate was attained. Runoff then maintained
the maximum rate until inflow was terminated. The curves did not show a
definite inflection point to indicate the equilibrium time, TE; that is, the
curves did not show a definite time of transition from Zone || to Zone I1l.

Data were then subjected to linear analysis in an attempt to formulize
the relationship between runoff rate and some characteristic time. It was
found that, for runoff rates and their corresponding elapsed runoff time in
Zone |1, a linear relationship existed between the logarithmic values of the
rates and times. This relationship can be expressed as an equation of the

form:

r = Rt (42)

where r = runoff rate, in gallons per minute

=
i

value of the y intercept at t. equals one minute
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elapsed runoff time, in minutes

0"
1]

slope of the runoff rate curve if runoff rates and corres-
ponding times are plotted on log-log paper.

Using this relationship to characterize runoff rate as a function of
runoff time, calculated correlation coefficients for the seven selected plots
ranged from a low of 0.976 to a high of 0.996. From these calculated values
of correlation coefficients it is suggested that an equation of the form,

r = Rtrs, highly represents the relationship between runoff rate and corres-
ponding elapsed runoff times for runoff occurring in Zone I1I.

When runoff values from Zone Il were plotted with the runoff rates
from Zone 1l on log-log paper, a horizontal line intercepting the line formed
by the runoff rates from Zone |l was formed. The point of intersection indi-
cated the end of Zone Il and the beginning of Zone Ill. By definition, the
point representing the time at which the intersection occurred represents

T the equilibrium time. Thus, the equation r = RtrS is bounded below by

ER’
tr = 0, and above by tr = TER’ Zone 111 can also be said to be bounded

below by TER' This is in accordance with the concept of Wu (9). Runoff from
the equilibrium time to the time inflow is terminated can be represented by
Equation 34, Rectilinear coordinate graphs of measured values and values
calculated by Equations 29 and 34 for the three representative plots are
shown in Figs. 11, 13, and 15. Logarithmic graphs for the three plots are
shown in Figs. 16, 17, and 18.

The accumulated runoff volume that has occurred from the start of run-

off to some time in Zone |l can be determined by integration of Equation 29

between the limits t. equal zero and the time in question:



39

0000T

10T WOIJF FIouny JI0F 9AIN) OTWYLTIBIOT

(SOTNNTIH) THIL $d0HNT

*9T eanSig

Q00T 00T 0T T

il

P S i
EE= EEE Loy

._U |\l\.\\\|\\\
LT
\H“n_.ul\nw\\\\ . 1
. 1‘_,1\!@.?\\\\\
- 1|9¢@é\ﬂﬁiw §

4 0*0

(1d9) TIVY MI0;



40

"0000T

8T-H 20Td WOIJ JIOUMY JI0F OAIN) OTUNRTIBIOT AT 9Xn3Tg
(STTANTH) THUIL &J0HAY
000T 00T 0T
! =
m\\_w
h%axw\\
s
|

0°1

0°0T

Vi (LIONNY

3
]

(LaD)



b

GT-H 90Td WOIJ JJouny JI0J SAINY) OTWYLTIESOT

(STTLONTH) THIL LIONAH

CC00T 000T 00T

*QT 8INYTI

oT

S gua i

T°0

a™K

00T

bl
d

100

fak

7
[la

-

(1ID) SLV



42

vo= JTrat = [ TRy Sar = 15 (43)

Accumulated runoff volume from time T., to a given time in Zone [l can

ER

be determined by integrating Equation 34 between the limits t = TER and the

given time:

t
= r - -
W, = T J TR de_ = R(t -T,
ER

Q) (44)
Total accumulated runoff volume for runoff occurring from time t = 0 to some
given time in Zone [ll can be determined by adding Equations 43 and 4k, with
the upper limit on Equation 43 set at TER' The runoff rate and volume equa-
tions for Zone 1l of the seven selected plots are shown in TABLE 2.

Equations determined by analysis of data from the seven selected plots
and the equations developed from theory are of the same form. The values of
S and R, determined by data analysis, are both greater than zero. This
agrees with the values set forth by theory. Both theory and field investi-
gation indicate that runoff from furrow irrigation can be characterized by
empirical equations with runoff time as the independent variable.

Values of accumulated runoff volume realized at various times during the
irrigation period were calculated for each plot using Equation 43 or 33
(depending on the value of tr)’ and using the mean rate calculation method.
Resulting volume curves of the three representative plots to time t, equals
1000 minutes are shown in Figs. 19, 20, and 21. Comparison of the values
obtained by both methods showed close agreement for runoff occurring during

Zone 1i. Values obtained for Zone ||| showed less agreement. The degree of
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variation in calculated values varied from plot to plot. The degree of varia-
tion can be attributed to the method for determining the value of RE for each
plot. RE was determined by taking the average of the measured runoff rates
for times after a suspected constant runoff rate had been established, The
term ''constant runoff rate' would normally imply that all the measured runoff
rates are equal. However, for field investigations, ''constant runoff rate"
will involve values that vary somewhat from the constant value line but still
indicate a constant value trend. Corresponding runoff volumes calculated by
the mean rate method were, by virtue of the method, weighted values. Time
intervals are taken into account in calculating runoff volumes by the mean
rate method, while they are not for the empirical equation method. A numeri-
cal comparison of the total accumulated runoff volume at the end of Zone |1
and at the end of Zone Il for the seven plots calculated by both methods is
shown in TABLE 3.

A study was conducted on the effect of the accuracy of the observed
value of the runoff starting time on the runoff rate equations and resulting
runoff volumes. Considering the observed starting times for the seven selec-
ted plots to be accurate and thus the resulting runoff equations to be accu-
rate, runoff starting times were varied by one minute at a time to obtain
starting times that were increasingly earlier, or later, than the original
starting times. New runoff rate equations were calculated using the new
starting times.

Basic results of the study indicated that the accuracy of the starting
time is important in obtaining an accurate version of the runoff equation for
Zone Il. As the starting times became increasingly earlier, the value of R

in the equation r = Rtrs, decreased at a decreasing rate. The value of §



L7

44 Z498 0484 Li zeel 6HEL HC-W
05T 0049 0569 9z 1osl £zs1 TT-M
wee 8649 zz0L we 090¢ 1802 gl-W
09 6485 6189 1zl q8eT R9le Si-W
szl 61¢9 hhol 61 9881 £981 IL-W
5¢ z5ey IRA% 91 L€9 €59 he-3
9t ULTA 0£QE 1 Ll gkl t1-3
poyiaw poyiau
poyisuw uoj|lenbe poyisu uo|ienba
2ou24ailiqg 23184 uedy jea1ddugy adjususiiiq 23184 UBdYy {eo1a1dug 1014
i (suoy yeb) {suo||eb)

L 2Wil I8 SwWn|OA jjouny

43

1 Swl3l 1B SWN|OA jlouny

I IdW3 3HL A9 d3L1VINOTVI SIWATOA J440NNY JO NOSTHYVdWOD

QOHL3IW 31vd NY3IW IHL A9 ONV QOHL3W NOILYNO3

£ 39vL



48

increased as the starting times became earlier. The opposite effect was evi-
dent for starting times that were later than the original starting time., This
indicated that the runoff rate curve became flatter as starting times went
from early to late starting times.

Correlation coefficients generally remained high as the starting times
were varied. The value of TER’ the equilibrium time, was affected by varia-

tion of the starting time. The value of TE increased at an increasing rate

R
as the runoff starting time became later. The amount of the increase in TER
varied from plot to plot. The increase did signify, however, the importance
of the value of the true runoff starting time in the determination of the
value of TER'

For starting times earlier than the original starting time, the value
of TER increased less drastically as the runoff starting times became
increasingly earlier. This would indicate that, on the basis of obtaining
more correct values of TER’ it would be advisable to judge runoff starting
time early rather than late if it is necessary to estimate runoff starting
time.

Runoff wvolumes were also calculated for varied starting times. The
total accumulated volume of runoff from Zone |l increased as the starting time
increasingly became later, and likewise decreased as it increasingly became
earlier. Similar to results given concerning TER' in order to obtain a more
accurate value for VR for Zone 1i, if it is necessary to estimate runoff
starting time, it would be better to judge early rather than late. Results
indicated that in order to obtain the value of VR within 5 percent of the true

value of V starting time should be within 5 minutes of the true starting

R!

time. In order to obtain the value of V_, within 10 percent of the true value

R
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of VR, estimated starting time should not be greater than 10 minutes later
than the true starting time, but can be estimated 20 to 30 minutes earlier
than the true starting time. These generalities are based only on the data
obtained from the seven selected plots.

Total accumulated runoff volume from both Zone |l and Zone 11] displayed
a different characteristic than did the runoff volume from Zone 11 alone.
Results indicated that a considerably larger error in starting time could be
used and still obtain a reasonable result for VR. Generally, a 30 minute
error in estimating the runoff starting time resulted in less than 5 percent
error in the value of Vo This situation is due to the neutralizing effect of
the value of T, used in both parts of Equation 45, which is used to calcu-
late the volume of runoff from both Zones Il and I11.

A computer program was written for use on the KSU 1BM 360/50 Computer to
analyze the inflow and runoff data obtained from the six series of the experi-
ment field. A copy of the computer program is included in Appendix A. The
computer program was made up of three basic parts. The first part computed
the volume of runoff realized from each plot. The next part of the program
computed inflow data for each plot. The final portion computed certain
desired irrigation characteristics for each plot such as average depth of
irrigation water applied and irrigation efficiency.

Specific runoff information was computed from runoff rate and time data
gathered during the course of the irrigations. Runoff rate data included
orifice plate head readings and volumetric runoff measurements. The equations
needed for calculation of runoff rates using these types of data have been

discussed earlier.

Since the time events occurred were based on the time of day, and
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elapsed times were required for calculations, it was necessary to convert
time of day to elapsed time in minutes based on a common starting time. Mid-
night of the morning of the day the irrigation was begun was used as the
starting point. lIrrigation starting and ending times and runoff starting
times were computed from this starting point. Elapsed runoff times were cal-
culated using runoff starting time as a basis.

If the runoff starting time had not been measured or recorded for a
particular plot, as was the case for many of the plots, it was necessary to
estimate this time. Since the irrigations lasted long enough for runoff rates
to become constant, estimation of starting times should not have produced
large errors in the calculated values of the volume of runoff realized for a
plot. This judgment is based on the evidence provided by the study on the
required accuracy of the runoff starting time presented earlier.

Runoff volume for each plot was calculated using the form of the empi-
rical equations developed earlier. In order to determine the runoff equation
for a given plot, it was necessary to have at least two, preferably three or
more, runoff rate measurements from Zone |l and at least one measurement from
Zone |Il. A minimum of two readings from Zone |l was necessary due to the
necessity of two points being required to find the equation of a line that is
known not to be horizontal or vertical. Using the equation determined by data
analysis for runoff in Zone Il and the value of the constant runoff rate for

Zone |11, it was then possible to solve for the value of T The volume of

ER’
runoff from the entire irrigation for each plot was then calculated using
Equation 33.

The computer program next computed the volume of inflow for each plot.

Inflow rates were calculated using determined gate coefficients and standpipe



readings.

With both the total inflow and the total outflow known for each plot, it
was then possible to calculate the Infiltration volume realized from an irri-
gation. |t was not necessary to evaluate the volume of surface storage as
this portion of the analysis considered the entire irrigation process. It has
been determined earlier that for analysis of characteristics involving the
total irrigation process, surface storage adds either to the infiltration
volume or becomes runoff and need not be considered as a separate term.

The basic intake rate of the soil was determined by subtracting the
obtained value of RE from the average inflow rate of Zone lll. This is pos-
sible due to the fact that surface storage is constant in Zone 1ll, and any
difference between inflow and runoff must be water that has been infiltrated
into the soil.

With the aid of the computer, it was possible to find not only the
total volume of infiltration and the basic intake rate of the soil, but also
the average depth of irrigation water applied and the efficiency of the irri-
gation. This was possible using the continuity equation and a mathematical
means for expressing runoff.

Besides evaluating specific characteristics of the irrigations, analysis
of the data also provided an opportunity to check the ability to express run-
off in the form of empirical equations developed from theory and analysis of
the data from the seven selected plots. An empirical equation was developed
to characterize the runoff from Zone |l for each plot that sufficient data was
available to do so. Four clear water irrigations and from zero to four irri-
gations using feedlot runoff effluent were carried out during the summer and

fall of 1970. In total, 268 sets of inflow and runoff data were obtained.
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Two hundred and twenty-three of the 268 sets contained sufficient data for
computer analysis and development of a runoff equation. Sufficient data for
analysis required at least two runoff readings in Zone Il and at least one
reading from Zone 11l. Of the 223 sets of data suitable for analysis, 219
expressed runoff equations of the form determined earlier. The other four
expressed negative slopes, which is impossible unless the infiltration rate
increased with time or the plots added water from, or lost water to, other
furrows during the course of the irrigation. The second explanation is most
probable as this situation was cbserved to have occurred on some plots. A
summary of the 223 plots for which runoff rate equations were able to be
determined is shown in TABLE 4.

A review of TABLE 4 shows that out of 161 sets of data that used more
than two runoff readings to determine the runoff rate equation, and the
resulting equation did not indicate a negative runoff rate slope, 120 plots
had a correlation coefficient of 0.95 or better, and 152 plots had a correla-

tion coefficient of 0.80 or better.
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SUMMARY AND CONCLUSIONS

In furrow irrigation, runoff often represents a sizeable portion of the
water initially applied. Unless this water is reused, it is wasted. Various
methods of reducing or reusing runoff water have been devised. Most of these
methods require a knowledge of the amount of runoff produced by an irrigation.
It was the purpose of this study to determine a simple relationship that
could be used to determine the amount of runoff produced by an irrigation.

Detailed runoff data were taken from seven selected plots. These data
were obtained by measuring the length of time required to fill a one gallon
container with runoff water flowing through an orifice plate located at the
lower end of each plot. The time at which each measurement was taken was
observed and recorded.

From analysis of the runoff data and by theoretical analysis of the

irrigation process, it was found that an equation of the form:

r=Rt_ (29)
where r = the runoff rate, in gallons per minute
R = the y intercept at t equals one minute of the line formed by
plotting runoff rates and their corresponding time on log-log
paper
- runoff time, in minutes
S = slope of the runoff curve plotted on log-log paper

can be used to describe the relationship between runoff rate and runoff time

during the rising portion of the flow hydrograph.
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Runoff rate reaches a maximum value at the time the basic intake rate
of the soil is reached. From this time until the inflow is terminated, runoff
rate is constant. This portion of the flow hydrograph can be expressed by an

equation of the form:

r =R (34)

where RE = the maximum, constant runoff rate developed in the flow hydro-
graph.,

Since the two equations determine instantaneous runoff rates, upon integra-

tion, accumulated runoff volumes can also be obtained.

These equations then represent a simple method of determining the amount
of runoff realized from a given situation. No longer is it required to mea-
sure many runoff rates during the course of an irrigation in order to deter-
mine the total volume of runoff. Unlike the SCS mean rate calculation method,
many points are not required to develop the runoff curve. At a minimum, only
two points in the rising portion of the runoff curve and one point on the
constant portion are required.

Theory, however, sets certain limits on the use of the runoff equations.
Inflow must be constant or nearly constant during the entire irrigation
period. Changes in the inflow rate will be reflected in the runoff rate. As
the infiltration rate varies with time and location until the basic intake
rate has been established, it is impossible to determine the effect of varied
inflow rate on the runoff curve.

Theory also dictated that no water other than that put in the furrow at
the head end be allowed to enter the furrow. Water that has been placed at
the head end of the furrow cannot be allowed to escape from the furrow except

by runoff and infiltration. This requirement is necessary to avoid the
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effects of water crossing from furrow to furrow in the field.

Experience with the use of the runoff equation has shown the advisabi-
lity of certain guidelines. |In order to determine the runoff equation, it is
advisable to observe and record the time runoff starts. |If only two runoff
readings are to be taken to determine the runoff equation for the rising por-
tion of the overland flow hydrograph, it is advisable to take the two readings
several hours apart, avoiding both the lower end and the upper end of the
curve. Although only two points are required to determine the equation for
the rising portion of the overland flow hydrograph, more than two points
would reduce the effects of measurement errors and temporary fluctuations in
the runoff rate that may occur. This consideration also applies to the con-

stant portion of the overland flow hydrograph.
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SUGGESTIONS FOR FURTHER STUDY

This study determined empirical equations that can be used to calculate
runoff rates and runoff volume for furrow irrigation. Equations were deter-
mined based on runoff from one to five furrows channeled into an orifice
plate. In order to make these equations more widely usable, a study shouild be
conducted to determine if runoff from entire fields can be determined with
equations of the same form.

The effects of evapotranspiration were neglected in this study. From
observation of runoff rates, it was apparent that evapotranspiration did have
some effect on runoff rate. |If it is desired to determine a more accurate
relationship to characterize runoff from furrow irrigation, the effects of
evapotranspiration should be included.

The amount of runoff realized from furrow irrigation is dependent on
many factors, including inflow and infiltration. The exact relationships and
effects of all these factors was beyond the scope of this study. |In order to
make the runoff equation more widely usable, a study of the effects of these

factors on the runoff equation would be useful.
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HOMENCLATURE
orifice area above the lower head in partially submerged orifice
flow, in square feet

orifice area below the lower head in partially submerged orifice
flow, in square feet

empirical coefficient in the advance equation

orifice area, in square feet

empirical coefficient in the advance equation

coefficient that varies with time in the equation: Avr = cerICAt
gate coefficient

orifice coefficient

weir coefficient

factor that depends on the shape of the water surface and on the
shape of the furrow

1-B(N+1)/B+1
WK/IZ(N+|)
ChCs
WKL/12 (N+1)
WKLTLB/IZ[B+1)
M

constant in the equation v, = C6 tr

average depth of water added to the soil when expressed as a function
of time, in feet

average depth of water added to the soil by an irrigation, in feet
normal depth, in feet
average depth of water stored on the soil surface, in feet

the puddle factor
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some factor of the depth of water flowing in the furrow channel
force of gravity, 32.2 feet per second squared

distance from the upper water level to the top edge of the orifice
in partially submerged orifice flow, in feet

head in the standpipe, in feet

lower head on the orifice in partially submerged or submerged
orifice flow, in feet

head on an orifice, in feet

upper head on the orifice in partially submerged and submerged
orifice flow, in feet

head on a weir, in feet
infiltration rate, in inches per hour
irrigation water
final infiltration rate, in inches per hour
empirical coefficient in the infiltration equation
total furrow length, in feet
. " M

exponent of t_ in the equation v_=C, t

r r 6 r
empirical coefficient in the infiltration equation
precipitation
inflow rate, in gallons per minute

flow rate from the part of the orifice above the lower head in par-
tially submerged orifice flow, in gallons per minute

flow rate from the part of the orifice below the lower head in par-
tially submerged orifice flow, in gallons per minute

constant inflow rate, in gallons per minute

runoff rate, in gallons per minute

empirical coefficient in the runoff equation for Zone ||
constant, maximum runoff rate attained in Zone 111

empirical coefficient in the runoff equation for Zone |1
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direct runoff

irrigation time, in minutes

advance time, in minutes

opportunity time for infiltration, in minutes
runoff time, in minutes

irrigation time at which inflow is terminated, the end of Zone |11,
in minutes

irrigation time at which the runoff rate reaches a steady state
condition, the equilibrium time, the end of Zone Il, in minutes

irrigation time at which the water front reaches the end of the
furrow, the end of Zone 1l, in minutes

irrigation time at which recession flow terminates, the end of
Zone |V, in minutes

inflow termination time when expressed in terms of runoff time,
in minutes

equilibrium time when expressed in terms of runoff time, in minutes
deep percolation losses
volume of inflow when expressed as a function of time, in gallons

volume of infiltration when expressed as a function of time, in
gallons

volume of surface storage when expressed as a function of time,
in gallons

volume of runoff when expressed as a function of time, in gallons
total volume of inflow, in gallons

total volume of water lost to evapotranspiration during the
irrigation process, in gallons

total volume of water infiltrated into the soil, in gallons

total water from precipitation during the irrigation process,
in gallons

total volume of water stored in the furrow, in gallons
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JE dt

total volume of runoff water, in gallons

row spacing, in feet

distance water has advanced at time ty in feet
change in surface storage

change in soil moisture storage

increment of time, in minutes

increment of infiltration volume, in gallons

evapotranspiration

61
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While irrigation water can be applied by various methods, furrow irri-
gation is popular in many areas. Runoff from furrow irrigation often repre-
sents a sizeable portion of the total water initially applied. Various
methods have been devised to reduce or to reuse runoff water so that it will
not be wasted. Most of these methods require a knowledge of the amount of
runocff produced by an irrigation. It was the purpose of this study to obtain
a simple relationship that could be used to determine runoff from furrow
irrigation.

Detailed runoff data were taken from seven selected plots. These data
were obtained by measuring runoff rates and the time at which each runoff
measurement was taken. Initial runoff time was also measured. From analysis
of data, it was found that the relationship between runoff rate and time for
the rising portion of the outflow hydrograph can be described by an eguation

of the form:

where r equals the runoff rate in gallons per minute, R is the y intercept of
the line formed by plotting runoff rates and their corresponding time on log-
log paper, tr is the runoff time in minutes, and S is the slope of the runoff
curve on log-log paper.

Runoff rate reaches a maximum value as the basic intake rate of the
soil is reached along the entire length of the furrow. From this time until
inflow is terminated, runoff rate is constant. This portion of the outflow
hydrograph can be expressed by an equation of the form:

r = RE

where RE represents the constant, maximum runoff rate attained.



Since these two equations determine instantaneous runoff rates, inte-
gration will yield equations by which runoff volume can be aobtained. These
equations were also determined by theoretical evaluation of the irrigation
process. Additional data from other plots were also analyzed to determine
the ability to expre;s runoff in the form of these two equations. Of 223
sets of data analyzed, 219 sets developed equations of the same form.

A study was performed to determine the required accuracy of the initial
runoff time reading. Results indicated that the initial runoff time reading
should be within 5 minutes of the true time for determination of the equation
for the rising portion of the outflow hydrograph. For the equation deter-
mining runoff from both the vising portion and the constant portion, the
reading should be within 30 minutes of the true initial runoff time.

These equations then represent a simple method of determining the
amount of runoff realized from an irrigation. No longer is it required to
measure many runoff rates during the course of an irrigation in order to
determine the runoff. At a minimum, only two points on the rising portion

of the runoff curve and one point in the constant portion are required.



