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INTRODUCTION

Furrows are used for applying irrigation water to the
ma jority ol row crops that are irrigated by surlace methods. As
instruments of application, irrigation furrows are used to achieve
two objectives. . The first objective is to achieve an acceptable
uniformity of soil moisture distribution over the area irrigated.
The second objective is the achievement of a high water applica-
tion e¢fficiency. ¢

In most furrow irrigation systems the furrows are graded.
Graded means that the furrow slopes from one end to the other.
Level or ungraded furrows are used in very few surface irrigation
systems. In the graded furrows the energy for distributing the
water over the area irrigated is derived from gravity. The
gravitational forces are due to the slope of the water surface
and the slope of the furrow. In the case of level furrows, the
slope of the water surface is the only force producing factor
present.

Water is entered into the upper end of an irrigation furrow
and, due to the forces present, advances down the length of the
furrow. As the water advances, water is lost to the soil being
irrigated along the wetted length of the furrow. The water thus
lost to the soil becomes soil moisture. It has been shown by
scientific investigations that the amount or volume of water lost
from the furrow, at any point along its wetted length, is a
function of the infiltration characteristics of the soil being
irrigated and the length of time the point in question has been

wetted. Due to the fact that time is required for the water to
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advance dowun the length of the furrow, it is appareul that pertect
¢iquality of water loss along a length of furrow is not possible.
Therefore the rate of advance of water down an irrigation furrow
ig an important factor in achieving an acceptable uniformity of
soil moisture distribution. Criddle, David, Pair, and Schockley
(10) have determined that a nearly uniform distribution of soil
moisture is achieved when the water reached the lower end of the
furrow in onec-fourth of the total irrigation time. Irrigation
time is the time required to infiltrate the desirced amount of
water to the soil along the furrow. Irrigation time will vary
with different soils and is a function of the infiltration charac-
teristics of the so0il being irrigated.

Experienced irrigators know that the rate of advance can be
controlled by the stream size in the furrow. Stream size refers
to the rate of flow of the water in an irrigation furrow. By
increasing the stream size the rate of advance can be increased.
Criddle, Davis, Pair, and Schockley (10) have determined the
maximum allowable furrow stream. The maximum allowable furrow
stream is the maximum rate of flow permissible in an irrigation
furrow without eroding soil from the flow channel. This rate of
flow can be determined by the empirical equation, Q equals 10/S;
where Q is the rate of flow, in gallons per minute, and S is the
slope of the furrow in percent of slope. The number of furrows
that can be irrigated at one time from a given head or guantity
of irrigation water is determined by the stream size.

In general irrigation practice, assuming the length of the

furrow is within acceptable limits of length, the maximum
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allowable furrow stream results in high runoff losses from the
lower cnd of the furrow. This results if the ratce of [low Ls not
reduced after the water reaches the end of the furrow, in a low
application cfficiency. These losses are duc to more water

being entered into the furrow than can be lost by infiltration
along the length of furrow. To minimize these losses, and thercby
increase the efficiency of application, the rate of flow must be
reduced or 'cut-back" to an amount that more neirly equals the
loss of water by infiltration along the length of the furrow.
Application of "cut-back" methods to furrow irrigation rejyuires
labor for reducing the rate of flow in the furrows. Labor is
also required to divert the water thus saved to other furrows
where it can be efficiently used.

In general irrigation practice, to conserve labor, irrigators
compromise in accomplishing the two objectives of surface irriga-
tion. Using the maximum allowable stream size, some irrigators
achieve excellent water distribution but, by not expending the
labor necessary to reduce the stream size when necessary, much
water is wasted due to the large volumne of runofflf from the lower
end of the furrows. The large volume of runoff results in a low
application efficiency. Other irrigators achieve cxcellent
visual application efficiency by using a small stream size and
allowing no runoff from the furrow. Due to the slow rate of
advance, the small stream size results in over irrigation of the
soil at the upper end of the furrow and under irrigation of the
lower end. Over irrigation at the upper end of the furrow

results in deep-perculation losses. bDeep-perculation losses arc



the resnli of water perculating below the root zone of the crop
being irrigated. VWhile the loss of water due to decep perculation
is not visual, these losses reduce the application efficiency of
an irrigation.

From experience in irrigation, it is apparent that the rate
of advance, achieved with a given strcam size, is not constant
from season to season or from irrigation to irrigation. The
differcuce is due to varying hydraulic conditions in the furrow.
Hydraulic condition refers to the roug@ﬁess and the so0il coqﬂition
in the furrow channel. Freshly formed irrigation furrows, formed
in different seasons, rarely have the same hydruaulic conditions.
The hydraulic condition also changes during the irrigation
process due to the action of the water flowing the furrow.

Irrigation furrows are formed with various tools. These
tools are adaptations of tools designed for other tillage purposes.
Included are middlebreaker or lister shovels, rotary moldboards
from planting equipment, ordinary cultivator shovels, and many
others. The condition of the furrows formed with these tools
varies between tools. The hydréulic condition of furrows formed
with any one of these tools varies from season to season. This
is due to the different soil conditions encountered in different
seasons. The rate of advance of a given quantity of water flowing
in any one of these furrows will vary due to the variability of
the hydraulic condition of the freshly formed irrigation furrow.

To improve the condition of freshly formed irrigation [urrows,
some irrigators make a practice of dragging sonme object in the

freshly formed irrigation furrow during the furrowing operation (5).
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The object may be a plece of metal pipe or i wooden fence post.
The action ol the dragging object smoobhes the flow channel.
Teabyck (15) cvaluated a similar method of Currow troeatment and
found that the rate of advance was significantly improved, when
the stream size was reduced, in the first one-Lourth of the length
of the furrow. However, this trcatment did not materially in-
fluence the rate of advance over the entire length of furrow when
the stream size was reduced.

This principle is also used with the "furrow slicker"
treatment developed by Larsen and Moden (3). The slicker
attachment is designed for use with corrugation equipment. This
method requires that the soil moisture be within a given range
for opbimum action of the slicker.

The various methods of furrow treatment discussed aid some-
what in conditioning the furrow for an improved rate of advance
of water in an irrigation furrow. It appears that studies to
further develop furrowing equipment are warrantcd. Further
development of furrowing equipment may result in irrigation
furrows with a significantly improved rate of advance with a
smaller stream size. If this development can be achieved, less
water due to a reduction in stream size, will be necded for good
water distribution, Therefore, for a given head of irrigation
water availuble to an irrigator, more furrows can be irrigated
at one time., Spreading the water over morc arca, and at the same
time achieving good moisture distribution, will increase the

water application efficiency of surface irrigation.



PURTO3E OF STUDY

The purpose of this study was to develop a design for and
Lield test an experimental irrigation {urrowing tool. 1In the
field test the experimental tool was cowmpared with a popular
irrigation furrowing tool.

The main objective of the experimental design was to achicve
more efficient use of irrigation water. In furrow irrigation
this can be recalized by improving the rate of advance, and thereby
the soil moisture distribution pattern of the irrigation for a
given guantity of water entering the irrigation furrow. The
achievement of better rates of advance with a smaller quantity
of water entering the furrow will make water avail :hle for the
irrigation of other furrows. This will improve the witer use
efficiency of a given head of water available for irrigation.

In the field tests, détermination of the influence of the
furrowing tool on the rate of advance for small quantities of
water was stressed. The influence of the furrowing tool on

factors influencing the rate of advance was also evaluated.
REVIEW OF LITERATURE

The study of the flow of water in surface irrigation systems
has been the subject of many investigators. These studies in-
clude both theoretical and experimental approaches conducted in
the labor itory and in the field. Few investigators have studied
and evaluated the influence of the device or tool used to fora
the irrigation furrow.

Hall (1) derived an equation Ffor determining the rate of



advance ol water ia border irrigation systems. The cruation
considerced the hydraulic roughness of the surflace, the shape of
the water surface profile, and a variable infiltration rate.
[Tall's cquation was based upon the law of the conscervation of
mass and is therefore considered mathematically corrcet.
Modifying lall's equation, Davis (2) derived an equation for
estinatiag the rate of advance of water flowing in an irrigation
furrow.
When water flows into an irrigatioﬁ furrow, part of the
volume of water entering the furrow filtrates into the soil.
The balance of the volume entering the fufrow is storcd upon
the surface of the soil along the wetted length of the furrow.
The voluwes can be equated as follows:

vV =V, +V
e i [

where Ve, is the volume of water entering the furrow, Vi is the
volume of water infiltrated into the soil, and VS is the volume
of water in storage in the furrow. Davis presents the following
equation for computing the volume of water in surface storage at
any point as the water advanced down the furrow.
VS"-:(c.f(d)-}-e)X
where ¢ is a factor that depends upon the shape of the water
surface and the shape of the furrow, f{d) is some function of the
depth of water Flowing, e, described as the puddle factor and
represeints the depth of water that would remain in the depressiéns
along the length of furrow in question if the furrow werc first
filled with witer and then drained, and X, which represents the

length of furrow the water has covered in its advance.



Assuming the shape of the water surface to be a cubical
par bola, Davis gives the followiung values for e¢. For o roc-
tangnlar shaped furrow, ¢ equals 0.75; for a triangular shaped
furrow, c¢ equals 0.375; and for a semicircular shaped furvow, ¢
equals 0.321. These values indicate the influence of furrow

shape upon the volume of water, Vs, that is storaod in the [urrow.

The depth of water flowing is a function of the shape of
the [urrow and the hydraulic roughness of the channel. Davis
states that this can be calculated by using Manning's cquation
and assuaing a value for Manning's "n'". This calculation includes
many variables, i.c. rate of flow, channel shape, and the ecrror
in assuning a value of Manning's "n". A study of the influence
of rate of flow and channel shape on Manning's "n" was conducted
by Thornton (11). The results of this study show that the value
of Mamning's "n" is inversely related to the rate of flow. It
is also related to channel shape, but this relationship is not
defined by this study.

The rate of flow of water in an irrigation furrow decrcases
along the length of the furrow as water is lost by infiltration
along the length of the furrow. A decreasing rate of flow indi-
cates that Manning's "n" will vary throughout the length of the
furrow. Variation in the value of Manning's "n" makes the
calculation of the depth of water flowing as recommended by Davis
to be an impractical approach to determining the depth of water
Flowing,

The cquation derived for computing the volume of witer

infiltrated into the soil, Vi’ was based upon the empirical



infittration eugunation, I = Kt". The derived cauation ig not
prescentoed here due to its complexity. Davis asswacs that the
data [for evaluating this reclationship, for the soil ian question,
will be obtainced from cylinder or furrow infiltrometer devices.
This relationship was modified in the advance equation by a
factor I’y With this modification the relationship was more
representative of the infiltration charucteristics of a length
of irrigation [furrow.

Davis subjected the equation, as derived, to field tests
and found it to give good results. Results of the field tests
proves the basic assumptions used in deriving the cquation are
sound. The cguation is limited in its application because the
unknown factors, i.e. ¢, K, F, e, and f(d) must be evaluated
from field test data. This is true because so little is known
about predicting these factors prior to the actual advance of
water in an irrigation furrow.

The eduation, even though it is limited in its practical
application, does indicate the factors that influence the rate
of advance of water in an irrigation furrow. These factors are
the volume of water in surface storage, VS, and the volume of

water infiltrated into the soil, V., for a given volume of water

i
entering the furrow. The volumes, VS and Vi’ can be shown to be
interdependent.

From a discussion of the process of infiltration by Yong
and Warkentin (13) it would appear that the rate of infiltration

of water f[rom the furrow into the soil depends upon the porosity

of the surface in contact with the {lowing water. Freshly Cormed



irrigation furrows may contain a volume of "soil rubble."  SHoil
rubble is defined for the purpose of this discussion as any
loose so0il particles regardless of particle size. The volume of
soil rubblce in the furrows contains large sized or macro poroes
betweenr the so0il particles. These macro pores are in cowtact
with the flowing water. Under these conditions infiltration
rates arce high and remain high until the macro pores of the
volume of soil rubble are filled. The infiltration rate will
change when the soil rubble is wetted and the water from this
wetted layer of soil begins to infiltrate into the undisturbed
s0il below it. Because this soil was undisturbed during the
furrowing operation it will have a different infiltration rate,
(due to pore size, than that of the soil rubble. From this dis-
cussion it appears that an irrigation furrow may, due to the
surface conditions present in the furrow, have a compound infil-
tration rate. This relationship can materially influence the
rate of advance.

It appears that any influence the condition of the irrigation
furrow has on the empirical infiltration relationship, will in-
fluence the value of the factor F in Davis's equation. The factor
F, used as a modifier of the empirical relationship determined
from sources other than the furrow, also varies with furrow
conditions. The factor F then may vary with furrowing method and
also from irrigation to irrigation as the condition of the furrow
is changed by the irrigation process. Furrowing toéls or shovels
with the ability to liwmit the change in the condition of irriga-

tion furrows would limit this variation in factor F. Limiting the
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change in condition ol irrigation furrvows would result in the
rate of advance as predicted being ianflucnced by the infiltration
characteristics of the soil in question and not the condition of
the soil in the lrrigation furrow.

Bassett and Tinney (6) conducted studies of {low variables
in irrigation furrows under laboratory conditions. These studies
were conducted using a tilting flume with no infiltration allowed
from the furrow being studied. The inlluence of secveral variables
upon the depth of water flowing, and théreforc the volumne of
water stored, in the furrow was investigated.

The variables investigated included five stream sizes, 0.1,
0.2, 0.3, 0.4, and 0.5 cfs, five channel slopes, 0.0, 0.1, 0.25,
0.5, and 1.0 percent, and three degreces of channel roughness. The
thre: degrees of channel roughness were simulated by using the
smooth concrete channel, 3/8" x 3/4" expanded metal, and 3/8" -
3/4" crushed rock.

Results of these studies prove that the depth of flow in an
irrigation furrow is directly rclated to stream size and inversely
related to the percent of channel slope. The channel shape used
in these investigations is not given but it would appear that
these results would be valid for any channel shape.

T The results of the tests of hydraulic roughness show that
the depth of flow in the smooth concrete channel is the lowest.
The expaided metal produced a greater depth of flow than the
smooth concrete channel and the crushed rock roughness simulition
produced the highest flow depth. While not stated, it appears

that the flow depths observed with these three degrees of
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hydravlic roughness are directly related to the height of the
rourines,

The hydraulic roughness simulations investigated in this
study appcar to simulate some of the roughness conditions found
in ifrrigation furrows under field conditions. The smaoth con-
crete may be considered representative of a smooth earthen channel.
The expanded metal and crushed rock simulations may be considered
represcntative of varying degrees of hydriaulic roughness caused
by soil rubble that is found in irrigation furrows aflfter the
furrowing operation. While these simulations may give some valid
indication of the influence of the hydraulic roughiness caused by
soil rubble upon the depth of flow, it does not consider the
stability of the roughness under hydraulic conditions. Crushed
rock and ecxpanded metal would be very stable under the hydraulic
conditions present during the flow in irrigation furrows. Soil
rubble does not have this stability under the same conditions.

If the results obtained using the roughness simulations are
related to soil rubble, it would appear to be a valid relation-
ship only in the initial stages of wetting of the soil rubble.
This would indicate that the influence of the hydraulic rougﬁness
due to soil rubble is a transitory influence. Therefore, the
depth of flow, and at the same time the volume of water in storage,
in an irrigation furrow containing soil rubble is transitory.

¢ Flow resistance in simulated irrigation furrows was studied
by Kruse, Huntley, and Robinson (4) under laboratory conditions.
These studies were conducted on irrigation furrows constructed in

soil-like material in a tilting flume. As with the studies of
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Bassell and Tinney, no infiltration from the furrow was allowed,
The usce ol the tilting flune allowed the investigators to study
flow resistance on several slopes. [Flow rates ranged from 0.01
to 1.1 ¢fs. Rectangular and parabolic shaped channels with
varying desrees of roughness were used in the collection of data.
The roughness used was obtained by various methods of channel
forming. After forming the roughness was stabilized with a
cement like substance. This allowed the roughness to be measured
and also to be subjected to various {low conditions.

tesults from these studies indicate that the resistance
coefficient for rough, laminar flow can be predicted by the
following prediction equation:

£ = 6,0 x 10%s92 (,%)

Re

where f is the resistance coefficient from the Darcy-Weisbach
formula, S is the slope of the channel, Re is the Reynolds
numnber, ando~ and Ap are measures of the roughness height and
the longitudinal spacing of the crests of the heights respectively.
More specifically the roughness height measurement represents one
standard deviation about the mean elevation of the stream bed.

The resistance coefficient for turbulent, hydraulically
rough flows can be predicted for both wide rectangular and

parabolic channels by the following prediction eguations:

= 6.06 log %

1.66

i

= mio

and 12.9 07
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where C, if Chezy's resistance coefficient, g, is the accelera-
tion due to gravity, and R is the hydraulic radius of the flow.

Further conclusions drawn from these Studies indicate that
the variation in flow resistance caused by a range of parabolic
cross sections is negligible compared to the effects of boundary
roughness.

The resistance prediction equations determined by Kruse,
Huntley, and Robinson, were subjected to field test by lleermann,
Wenstrom, and Evans (12). The results of the field tests verify
the validity of the prediction equations when subjected to field
conditions.

From these studies, it appears that the value of the para-
meter g—, is important in determining the resistance to flow in
an irrigation furrow. In the case of turbulent flow a large
value of ¢~ , results in a small value of Chezy's "C". For rough
laminar flow a large value of ¢ results in a large value of
Darcy-Weisbach's friction factor, f. The influence of 0~ can, in
the case of rough laminar flow, be modified by the average
longitudinal spacing of the roughness crests. A large average
spacing results in a smaller f, and a small average spacing in
the crests results in a larger £ if the height of the crests O
remains constant.

The resistance coefficients, calculated by these prediction
equations, have a direct relationship upon the factor f£(d) as
defined by Davis (2) in the derivation of the rate of advance
equation. With this knowledge it can be shown that the volume

of water in surface storage is directly rclated to the flow
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resistance of the irrigation (urrow.

Tt would appear that the parameters,o— and Ap used in the
prediction cquations for calculating the resistance coefficients,
can be influenced by tlie tool used to form the furrow. If the
tool forus a channel containing soil rubble that conéists of
large soil particles, 0~ would have a large value and Ap would
depend upon the number of large soil particles per unit length
of the furrow. The value of Ap would also be influenced by the
random placement of the soil particles making up the soil rubble
and also the amount of the soil particles. A furrowing tool or
shovel thalt eliminates or minimizes the volume of soil rubble in
the furrow channel will reduce the flow resistance of the channel.
Reducing the flow resistance will reduce the volume of water in
surface storage along the length of the furrow. Reduction of
the volume of water in storage per unit length of the furrow
allows the volume of water entering the furrow to wet a longer
furrow length.

The argument that soil rubble influences the volume of water
stored in the furrow and the volume of water stored in the soil
is supported by a study of furrowing shovels conducted by
Thornton (11). In this study two shapes or irrigation furrows
were compared in a field study. One shape was a flat-bottom
furrow. The other furrow was described as a "conventional shaped"
furrow. The descriptiﬁn, "conventional shabed," does not clearlf
define the Ffurrow shape. Rate of advance data was collected
during the field trials conducted in this study.

Thornton plotted rate of advance curves, distance vs time,



from the data collected, and [ound this to he a straight linc on

log~-logz paper. The equation ol this curve is:
g 2 paj

where L is the distance the water has advanced in the time t; a,
the distance of the adﬁance at t equals unity; €, the-time in
minutes required for the advance to the point in question; and b,
an exponent éf the logrithmic funection. The constants a and b
are determined by plotting experimental data.

Thornton, in his interprctation of the results of this
study, states that furrow Shape will affect the rate of advance
of water in an irrigation furrow. It required 4 hours for the
same rate of flow to advance 800 feet in the "conventional
furrow while only 3 hours were reqﬁired in the flat-bottom
furrow. Thornton then states that the reason for the difference
in the rate of advance in the two types of irrigation furrows
was due to one of the shovels removing most of the dry soil,
the soil rubble, from the flow channel. He further states that
the dry, loose so0il remaining in the "conventional" furrow
resulted in a higher initial rate of infiltration of water to the
soil.

On the basis of these statements, it appears that one would
be justified in conecluding that both the shape of the channel
and the presence or absence of the soil rubble in the channel
influenced the rate of advance of the water in the furrows. The
conclusion is further justified by the assumptions used by
Davis (2) in deriving his advance equation.

The relationship of the length of advance vs time in
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Thoratou's study plotted as a straight line on log-log paper.

Christiansen analyzed field data collected by Criddle that i~
dicated the =mame relationship of length of advance vs tiae.
From the results of studies of these investigators, one cuan

asswne that leugth of advance vs time will plot as a straight

line on log-log paper.
EVALUATING EQUATIONS

From the rceview of literature it appears that the furrowing
tool or shovel may influence the volume of water stored in the
furrow and also the volume of water infiltrated to the soil.
Christiansen, Bishop, Keifer, and Fok (8) have developed mathe-
matical solutions suitable for performing an analysis of this
influence.

Israelsen and llansen (14) presents two cquations that can
be used to represent the infiltration characteristics of soil.
These equations are empirical and have been determined from
infiltration data collected during experinental studies.

The c¢ruations are:

b=
i

i 11
Kt (1)

and

it

I =C+ Kt (2)

where I is the rate of infiltration or intake rate at any ti;
K is the rute of infiltration at ti equals 13 n is an exponeut
that is always negative with values between 0 and -1. The
factor € in eyuation (2) is the rate of infiltration when ti

#

cquals infinity. Bquation (1) is the same as used by Davis (2)



13

in deriving bis rate of advance cquation. This infiltration
cquatioi has been used by Criddle, Davis, Pair, and Shockley (10)
“in their evaluation of experimental data. DLquation (2) provides
a better Fit of experimental dita collected from soils reguiring
long iufiltration times to infiltrate the desired volume of
water to the soil,

The accumulated depth of water, D, that enters the soil in
any contact time, ti’ can be determined by intergrating equations
(1) and (2) with respect to time between the limits of t eguals O

and t equals t;. Thus for equation (1) one obtains:

n+1

D = Kt, (3)
n+1
and for equation (2)
_ (n+1)
D = Ct; + Kt, (4)

n+1
The following terms and assumptions are used by Christiansen,
Bishop, Kiefer, and Fok in the development of their solutions.
L = length of furrow wetted in a given time tl. For purposes
of this analysis, the average storage is assumed constant.

This assumption has been used by other investigators.

!
il

rate of flow entering the furrow, assumed constant

W = spacing of the furrows

q = Q/W rate of flow per unit width

D = the average depth of water that has entered the soil
in time tl

D = the equivalent average depth of water stored on the

surface
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One can Ghen write for any time €
1

a

Qtl = DHWL - DaWL or dividing by W
qt, = D_L - D_L
i <3, a
whaore

Qtl = the volume of water that has entered the furrow in
time tl

DSWL = the volume of water remaining on the surface at
time t]_

DaWL = the volume of water that has cntered the soil

The average depth of water that enters the soil, as it flows
down a furrow in time tl, can be approximated by integrating
equations (3) and (4) between the limits of t cquals 0 and t

equals tl, and Jdividing by tl. Performing this integration and

division on equation (3) one obtains:

_ . DTL
D, = Kt (5)
(n+1)(n+2)
and Tor equation (4)
_ n+1
D, = Ct; + Ktg (6)
2 (n+1) (n+2)

Equations (5) and (6) are approximations applicable until
the water recaches the end of the furrow.

Keifer (7) observes that the average depth D_, determined
by equations (5) and (6) is an exact solution if the rate of
advance is constant. Using the rate of advance cguation, L
equals aLb, Keifer modified equations (5) and (6) so that exact
solutions were possible when the actual rate of advance was used.

In the case of (1) the resulting cquation is:
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D, =FD = FKt1n+1 (7)

{n+1)(n+2)

and in the case of equation (2)

. _ , apep. HVEL
Dat = FDa = Crl + PRty (8)

(b+1) (n+1)(n+2)

“he factor ' in these solutions is the betba function for which
exact solutions are available. This value can, however, he
approximated by the gimple equation:

F = n-bn+2
1+b

Using the relationship expressed by equation (7), cxperi-

mental data may be analyzed by plotting the function:

‘ _ n+l
D, = FKty (9)

(n+1)(n+2)

= qtl - D

L

s

against the time tl, on log-log paper. If the basic equation
(1) is valid, a straight line should result. The intercept of
this straight line for t, equals 1 is the value of F K/{(n+1){(n+2),
and the slope of the line is the value of (n+l1).

If a straight line does not result, but rather a curve
which is concave upward, it might be possible to use equation (8)
and secure a better fit. In this case:

F K t1n+1 = ik

(n+1)}(n+2) L

- D, - Cty (10)

1

The best value of C can be determined by trial and error.

While trial and error methods must be used in plotting the

n+1

expression for F K tq /(n+1)(n+2) from either equation (9)
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or (10}, these solutions allow one to analyze the influcnce of
furrowiing bools on the volume of water storcd on the surface,
D, and the rate of infiltration of witer into the soil. To do

na

this onc only necds to know the quantity ol water flowing into

the furrow, U, and by experimentation determining the rate of

advance equation L = atb for the furrow in question.
DESIGN ON THE FURROWING TOOL

The forming of an irrigation furrow, accomplished in one
ficld oper.ation, can be considered the result of two distinct
mechanical operations. The first operation is the excavation of
the flow chgnnel from the soil surface. The second operation is
the deposition of the excavated material or spoil upon the berms
of the flow channel. Most of the conventional tools used to form
irrigation furrows excavate the furrow channel and by a throwing
action attemnpt to deposit the spoil on the berms of the channel.
The throwing action results in much of the loose material, the
soil rubble, dropping back into the channel.

In the development of the experimental tool it was decided
that the excavated material would be pushed to the berms. It is
obvious that the greater the side slope, i.e., more horizontal
units of measurecment per unit of furrow depth, of the furrow
channel, the less the difficulty that will be cncountered when
depositing the spoil on the berms. Less difficulty is encountered
becuuse loose soil is more easily deposited upon a flat slope
than on a stecp slope. Utilizing this approach, the physical size

ol the furrowing tool and the spacing of the crop rows beccome
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iuport it factors in deteraining the size of the drrigation
furrow. Also the depth the tool is operated influences the
condition ol the [inished Lurrow. If the tool is operated too
decp, wmore material will be excavated than the tool has the
ability to place on the berms. Should the tool have the physicual
size to place the material, the width of the crop row may Limit
the beram width thereby limiting the size of the arcea vhoere the
spoil can be deposited. The inability of the furrowing tool to
depesit the spoil on the berms will result in a furrow containing
soil rubble.

From the results of Kruse, Huantley, and Robinson (4), it
would appear that a parabolic channel, regardless of its size,
would influence the flow resistance due to channel shape the
least of any furrow. shape. However a furrow of complete parabolic
shape will be hard to form. A tool could bhe designed to excavate
a parabolic channel but, depending upon channel size and depth,

he deposition of the spoil could be difficult. This is true
because the side slope of a true parabolic shaped channel approaches
the infinite,

Considering these facts, and the discussion of the term c,
by Davis (2) in the derivation of the rate of advance eyuation,

a Turrow shape composed of a combination of parabolic and trape-
zoidal shapes was selected as the more practical shape.

The shape ol the furrow cross section was developed as
follows: Assuming a desired channel side slope, and width of the
parabolic scction w, the first derivative of the parabolic

; 2
cquation y = ax”, was equated to the value of the desired side



slope ab x = w/2, and solved for a. Using this value of a in the
original parabolic equation, a depth of channel was calcul ited
nsing a value of x = w/2. At this depth and channcl width the
trapcrzoidal shaped section and the parabolic scction, making up
the cross scctional shape of the furrow, are tangent. Tangency
ab this point results in the boundiry of the flow channel being
continuwous even Chough the shape of the furrow is a couposite of
two different geometric shapes. This procedure deterwmines the
shape of the cross section of the experimental irrigation
furrows.

Using the cross sectional shape detcrained by the procedures
explained, it was then projected onto a plane surface that wus
inclined at an angle of 150 from the horizontal. The plane thus
shaped, becomes the basic part of the experimental furrowing
tool. lloldboards to prevent the soil, excavated from the furrow
channel, from flowing over the plane and being redeposited in the
channel, were attached on the upper surface of the inclined plane.
These moldboards forced the excavated soil to flow toward the
berms of the excavated channel as the tool is drawn through the
so0il. ©Steel plates, conforming to the side slope of the channel,
were welded to the under side of the plane. These plates assist
in the deposition of the spoil on the channel berms. The plates
also aid in preventing loose soil from the furrowing operation,
soil rubble, from being deposited in the furrow. The resulting
furrow has a swooth boundary and is essentially free of soil
rubblc.

Fwo cxperimental tools were constructed using these proce-
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durces.  The shovels are shown in Plate L. The two tools {foraoed
irrigation furrows diflering only in the side slope otf the
furrow channel., 0One tool constructs furrows with a channel side
slope of 2.0:1 and the other 1.5:1. A common width of the para-
bolic seclbion wis used in the construction of both tools, namely
w = 3.5 inches. These tools were designed for a row width of

40 inches.
PUDDLE FACTOR STUDY

In the rate of advance equation, derived by Davis (2), the
factor e is described as the puddle factor. The puddle factor,
multiplied by furrow length in question, represents the volume
of water that is stored in the depressions along that length of
furrow. Such water can best be described as "dead water"
bec.use it does not contributc, except in an indirect way, to the
voluae of water necessary for flow in an irrigation furrow.

Davis states that the puddle factor is due to surface roughness
and the land grading accuracy of the area being irrigated. In
“the field trials he conducted, he estimated the size of this
volume to be within a range of .00l and .003 cubic feet per
foot of furrow length.

The value of e is used in the equation as a correction factor.
When uscd in this manner, errors in estimating the value of e may
not materially influence the fit of the equation to field data.
However the need to £ill this volume will influence the actual
rate ol advance in the field. Removing or minimizing this volumc

in an irrigation furrow should improve the rate of advauce
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EXPLANATION OF PLATE I

Experimental Furrowing Tools
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obLained with a given quantity of water enteringz the [urrow.
Tt would becone more important as the guantity of waler cnteriag
the furrow decreases.,

Most furrowing tools are mounted on a tool bar and becoue
an integral part of the traction unit or tractor used for the
furrowing operation. The pitch and roll of the traction unit,
due to roughness of the soil surface, and thelresulting in-
fluence on the furrowing tool, may be a factor in croating de-
pressions along the furrow. The pitch and roll action may also
increase the value of the puddle factor. Pitch of the traction
unit is defined, for the purpose of this discussion, as rotation
of the traction unit about its rear axle. Roll is defined as the
rotation of the traction unit about the point of contact with the
s0il surface of either rear wheel. Rotation of the traction
unil about its rear axle will influence the working depth of the
furrowing tool mounted on the tool bar. The influence due to
roll will depend upon which rear wheel is the center of rotation,
the position of the furrowing tool on the tool bar and its
distance from the center of rotation.

The tool bar is, on most farm tractors, controlled by the
hydraulic system of the tractor. The hydraulic system can be
adjusted so that it will control the working depth of the tool
mounted on the tool bar, The system can also be adjusted so that
the draft requircements of the tool remain constant. Variable
draft requirements of the tool will actuate the hydraulic system
thereby changing the working depth of the tool. Most hydraulic

systems can be adjusted to respond to a combination of the above
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conditions. ‘fhe control actions of the hydraulic system on the

tool bar may also contribute to the value of the puddle factor.
PROCEDURE AND EQUIPMENT

A [iecld study was conducted to determine if the tool bar
mount ing of furrowing tools influences the puddle factor and
thercby the rate of advance of water in an irrigation furrow.

The stuwdy compared tool bar mounted furrowing tools and furrowing
tools mounted on an experimental mounting device. For this study
the tool bar mounted furrowing tool was mounted on the center

line of the traction unit. Mounted in this position the influence
of roll will be reduced one half. Roll in either direction will
influence the tool equally. Furrowing tools mounted on the ex-
perimental mounting device were frec of any influence of the
traction unit or its hydraulic system. A photograph of the
experimental mounting device is shown, with the furrowing tool
removed, in Plate II. From the photograph it is readily apparent
that only the contact of the front and rear wheels with the soil
along the center line of the furrow being formed will influence
the action of the furrowing tool. When the furrowing tool is
mounted on the experimental mounting device, the point of the
shovel operated at a point approximately half the distance be-
tween the supporting wheels. Mounted in this manner the influence
of surface roughness of the soil being furrowed on the working
depth of the tool will be minimized due to the lever arm action

of the experimental device. The working depth of the tool, when

mounted on the experimental mounting device, was controlled
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EXPLANATION OF PLATE II

Experimental Furrowing Tool

Mounting Device
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by rotating the front wheel about its pivol point.
The puddle factor study consisted of 4 treatmeuts. The

Lreataents were as follows:

TL - 1.5 ¢ 1 Experimental tool mountced on tool bar

T2 - 1.5 : 1 Experimental tool mountcd on experiumental
device

T3 - 2.0 ¢+ 1 Experimental tool mounted on tool bar

T4 - 2.0 : 1 Experimental tool mountced on cexperimental

device

Lach troatment was used to furrow 5 irrigation furrows
spaced on B80-inch centers. BEach furrow was 340 fect in length.
These treatments were randomized and replicated threc times.

An equ-l rate of flow, 2.6 gpm, of water was enterecd into
each furrow. The rate of flow was obtained by establishing a
prodetermined head of water on 3/4" siphoﬁ tubes.

The time reguired for the water to advance 340 feet was
recorded for the center 3 furrows of each plot. The data

collected from this study is recorded in Appendix A.
RESULTS

An analysis of variance was used to analyze the results of
this study. The mean value of data collected from the three
furrows in each plot was calculated and used as the value for the
plot in this analysis. The results of this analysis are shown in
Table 1. The F test was used to determine significance among the

variables.§



Table 1.
Source f D/F S5 ns F
: #
Tool Shape (5) 2 E 0.00 0.00 0.0
Tool  Mounting (M) : 1 4,486.33  4,485.33  4.39%
S X : 1 75.00 75.00 ————
Error : 6 6,130.67 1,021.78

#¥Denotes significance at the .10 level.

The results of the analysis indicates that the two different
experimental tools, used in this study, did not significantly
influence the rate of advance of water in the furrow. Therefore,
the two channels, although different in dimensions, arc equal in
their rate of advance performance. Tool mounting was significant
at the lO percent level. Due to the placement of the furrowing
tool on the tool bar, the influence on the furrowing tool due to
the roll of the traction unit may have been minimized. The con-
clusion is drawn that mounting of furrowing tools influences the

rate of advance of water in an irrigation furrow.
COMPARISON OF FURROWING TOOLS

A field study comparing the performance of an experimental
furrowing tool with a popular furrowing tool was conducted on
crete soils at the Irrigation Experiment IField, Scandia, Kansas.
The [ield study was conducted during the period of July 156
through July 19, 1958,

The popular furrowing tool selected for this study was a
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rotary wmoldboard type furrowing tool. The rotary type tool was
scleeted duce to its popularity of use in the area where tihe study
wis conducted. A photograph of the rotary furrowing tool is
shown in Plate I1T.

The crop irrigated in the study was corn planted iIn 30-inch
rows. The experimental tools used in the puddle factor investi-
gation were designed for use in 40-inch rows. The change in row
width made it necessary to design an experimental tool for use
in 30-inch rows.

The basic design of the cxperimental furrow cross scction,
as describoed in the section of this thesis on design of the
furrowing toel, was not changed. The construction of the tool
was changed in some respects but this did not influence the
resultant action of the finished tool. In designing the tool
for 30-inch rows, the width of the parabolic section was reduced
from 3.5 inches to 3.0 inches. The side slope of the furrow
channel was changed to 1.0 ¢ 1. A photograph of the experimental
furrowing tool used in the comparison study is shown in Plate IV.
Plate V is a photograph of the experimental furrowing tool in

operation.
EXPERTMENTAL PROCEDURE

A land area measuring 300 feet by 350 feet was selected.
The area was selected for its uniformity of soil. Use of this
area rocduces the variable of so0il in this study. The area was
preparcd by land planing the ‘surface prior to the corn planting

operation.
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EXPLANATION OF PLATE III

Rotary Type Furrowing Tool
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EXPLANATION OF PLATE IV

Experimental Furrowing Tool

Used in the Comparison Study
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EXPLANATION OF PLATE V

Experimental Furrowing Tool

in Operation
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Six randoum variables werce consideraed. The treatinents wero,
ZIFurPowing tools, experimental and rotary, amd 3 rates ol flow,
.94, 3.1, and 6.1 gallons per minute. Each plot consisted of
one furrow 100 feet in length, formed by one of the tools, having
a predetermined flow rate. The plots werc spaced on 60-inch
centers. FBEach replication éonsisted of 6 randomized plots. The

plots werc designated by the following code:

Code Furrowing Tool Flow Rate
X1 Experimental .94 gpm.
x3 Experimental 3.10
X5 Experimental 6.10
L1 Rotary moldboard .94
L3 Rotary moldboard 3.10
L5 Rotary moldboard 6.10

Four replications were used in the study.

The rates of flow were obtained by subjecting a siphon tube
of selected diameter to a prudetermined head of water. The water
from the siphon tube was dropped onto a plastic ipron and was
conveyed thereon to the 0 station of the 100-foot furrqw.
Stations at 10-foot intervals were marked along the length of
the furrow. These stations were used to.determine the length of
advance vs time curve necessary for use with the evaluating
equations developed by Christiansen, Bishop, Keifer, and Fok (8).
The water leaving the furrow, the runoff, was conveyed from the
100-foot station ofrthe furrow to the place of measurement on
another plastic apron. The runoff water was measured volumetri-
cally. Three identical studies were conducted in the selected
area on slopes of .2, .4, and .6 percent. The slopes werc possible

in the selected area by selecting the dircction of the crop rows .
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within the arcea. Slope was not considered a random variable in
the study.

The plots were furrowed July 9, 1968, DPlaster of paris
casts werce made of furrow shapes formed wifh cach furrowing tool.
The casts rccord the condition of the freshly formed irrigation
furrows. The casting sitcs.werc chosen by random drawingi
Plate VI is a photograph of the four casts made. Casts No. 1
and 2 are from the furfow formed with the experimental tool.
Casts No. 3 and 4 are from the furrow formed with ﬁhe rotary
furrowing tool. From the casts the amount and size of the soil
rubble present in the furrows can be observed. The flow channel
of the furrows formed with the experimental tool is well defined.
The shape of the casts from the furrows forwed with the rotary
type tool indicates that the flow channel still must be deflined
by the water that will flow in the furrow. The amount and size
of the soil rubble in the furrows indicates the resistance to
flow of the flow channels. The size of the pores in the soil
rubble in the furrows formed with the rotary type tools indicates
a high rate of infiltration of water from the furrow to the soil.

Soil samples, to be used for soil moisture determinations,
were taken from each furrow immediately prior to entcering water
in the furrow.

The time was rgcordcd as the water passed the 0 station of
the furrow. The elépsed time was noted and recorded as the
water reached each of the 10-foot stations along the furrow and
was continued until the water rcached station 100. Measurement

of the rate of runoff was made periodically throughout the period
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EXPLANATION OF PLATE VI

Plaster of Paris Casts of

Freshly Formed Irrigation Furrows
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of irrigation. The clapsed irrigation time when the runoflf
measurements werce made was also recorded. All data colliected
during the irrigation of the three studies is recorded in

Appendix B.
ANALYSIS OF DATA

The moisture content of the soil in the various plots, of
like treatment, varied; The time required for the ﬁater to
advance the length of the plot, 100 feect, alsc varied. The
relationship of these variables was investigated and no apparent
cofrelation between the variables was discovered.

The total time of advance for ail plots on a given slope
were subjected to an analysis of variance. On all slopes, the
differcnce in total time of advance due to furrowing tool, rate
of flow, and the interaction of flow rate and furrowing method
were highly significant. The results of the analysis of variance
for the studies‘conducted on .2, .4, and .6 percent slopes are
presented in Tables 2, 3, and 4.

Table 2.--Results of analysis of variance, total time of advance,
.2% slope.

Source ‘ D/F ss mns F

a8 foe

Furrowing tool (T) 1 23,445.63 23,445.63 156. Q%

Flow rate (F) 2 46,616.12  23,308.06  156.0%%

" s se 88

¥EE : 2 14,735.80 7,367.90 40, 3%
Error : 15 2,241.74 149.45

##% Denotes significance at all levels.
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Table 3.--Results of analysis of variance, total time of advance,
4% slope.

.

Source . D/F S8 ms T
Furrowing tool (T) ; 1 24,089.47 24,089.47 175, Qs
Flow rate (T) ; 2 63,675.98 31,837.99 232, 5
T X F ; 2 16,924.39 8,462.19 61 . 8t
Error ; 15 2,054.15 136.94

#3% Denotes significance at all levels.

Table 4.--Results of analysis of variance, total time of advance,
.6% slope.

Source f D/F 3] ns - F
Furrowing tool (T) ; 1 40,525.42 40,525.42 T A3 . 3k
Flow rate (F) : 2 47,308.34 23,654.17 433, Qs
TXF ; 2 21,306.98 10,653.49 105, 4%
Error . 15 817.84 54.52

#i#% Denotes significance at all levels.

The advance data, collected from individual furrows, was

tested for a linear relationship between the two variables,

distance and time.

the variables were plotted on log-log paper.

A linear relationship was determined when

The rate of advance date, from four furrows of like treat-

ment on a given slope were pooled and subjected to regression

analysis.

independent variable.

In this analysis, L, or distance is considercd the

The dependent variable is T, or time.

The variables were considered in this manner due to the layout
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of the study. Thercefore time T, was regressed on distance L.
i ; ; . : ; ; B ;
Ihe resulting regression equation is, T equals AL . The eyuation,
. B . .
T equals AL™, was considered to be the average represcntative of
a given treatment. The determined regression constants A and B
are recorded in Table 5.

y ‘ ; ; = g ; ) B

The determination of the equation, T equals ALT, was
necessary for use in the cvaluating cquations. llowever, it is
in the wrong form. Keifer's (7) modification of Christiansen,
Bishop, and Fok'!'s equations requires this rclationship to be

b " g " T B

expressed as L equals at~. Solving the equation T equals AL
for L, one can prove mathematically that the value of b is the
reciprocal of B. Thercfore, the reciprocal of B was used for b

when using the evaluating equations.

Table 5.--Constants A and B for use in the equation, T = ALB
. : Slope
Treatment g 5 : ») : %
: A B y A B : A B
X1 ¢ .028 1.646 : .021 1.769 : ,019 1.504
X3 : .009 1.780 : .007 1.752 « .017 1.406

. 008 1.540 ¢ .010 1,281

.e

X5 :  .008 1.573

-
we

L1 : .248 1.455 ¢ .338 1.380 :  ,456 1.306
L3 : .101 1.408 : .120 1.330 : .201 1.261
L5 -

.085 1.284 : .096 1.243 : 154 1.158

The trial and error solutions required by the evaluating
equations were performed and the cmpirical infiltration equations
for the average representative of the six trcatments were
deﬁermined. Both empirical infiltration equations presented by

Israelsen and Hanson (14) were nceded to fit the data of the



various treatments. The evaluating cquations also ¢valuated the
depth of surface storage D. The constants evaluated by the trial
and error solutions for the empirical equations and DS for the
six treatwments are recorded in Appendix B.

The depth of storage, Ds’ was converted into a volume,

VS by multiplying Ds by the width of the¢ crop row and the longth
of the plot. Since the rate of advaunce is inverscly related td
the volume of storage, Vs’ the influence of furrowing method on
VS is important. The influence of Ffurrowing method on VS on all
slopes is presented graphically in Plate VII.

The rate of advance is also inversely reclated to infiltra-
tion rate. Thercfore the influence of Ffurrowing method upon the
infiltration rate is also important. The value of K alone, from
the empirical infiltration equations, does not represent the
infiltration characteristics of all the furrows studied due to
the fact that one empirical eguation was not evaluated for allj/
furrows. Therefore the infiltration rate at ti, irrigation time,
equals 1 minute, was calculated and used to show the influence of
furrowing tool on infiltration rate on ail slopes. The influence
of furrowing method on infiltration rate on all slopes is
presehted graphically in Plate VIII.

From Plate VII and Plate VIII it is apparent that the
furrows formed with_the rotary furrowing tool have a larger
volune of water in storage and also have a higher infiltration
rate than the furrows formed with the experimental furrowing
tool. The presence of soil rubble in the rotary furrow causes a

greater resistance to flow. Increased flow resistance increases
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Fig., 1

Pig, 2

Fig. 3

EXPLANATION OF PLATE

Volune of water in surface
on .2 percent slope.

Volume of water in surface
on .4 percent slope.

Volume of water in surface
on .0 percent slope.

VITI

storage in furrows

storage in furrows

storage in furrows
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Fig. 1
Fig. 2
Fig. 3

EXPLANATION OF PLATE VIII

Intake
cquals

Intake
equals

Intake
equals

rate of irrigation furrows @ t+,
. i
1 minute on .2 percent slope.

rate of irrigation furrows @ t,
. i
1 minute on .4 percent slope.

rate of irrigation furrows @ t.
; b
1 minute on .5 percent slope.
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the volume of storage VSL The soil rubble also causes the lurrow
to have a higher rate of infiltration.r These two factors coubine
to cause a slower rate of advance for a given quantity of ﬁatcr
in the rotary furrow on a given slope.

Using the runoff' data collected, average obser%ed intake
rates for the 100-foot furrows were determined. To do this the
out.{low rate was subtracted from the inflow rate and the remainder
was divided by the width of the crop row in feet, 2.5 feet. The
elapsed irrigation time, recorded when the runoff measurcecment was
made during the collection of the data, was used to define the
relationship of the average observed intake rate with irrigation
time.

The intake rate vs time data from 4 furrows of like treat-
ment on a given slope were pooled. The pooled data was subjected
to regression analysis, regressing intake rate on time. The
resulting regression equation is assumed to represent the average
observed intake rate of a treatment at any valid time. Valid
time in this case means any clapsed irrigation time within the
elapsed irrigation times used to compute the regression eguation.
The regression ejuations are recorded in Appendix B. The plotted
regressiohs representing average observed intake rate vs ti@e are
presented in Plates IX and X.

The ewmpirical infiltration equations determined by the
evaluating equations were used to calculaﬁe the average intake
rate for the average represcntative of a treatment. The calcula-
tion was.madc as follows: Assuming an clapsed irrigation tinme,

for this purpose 000 minutes was used, a rate of infiltration
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EXPLANATION OF PLATE IX

Fig. 1 Average observed intake rate, in./hr.,
vs elapsed irrigation time, ti, on
.4 percent slope.

Fig. 2 Average observed intake rate, in./hr.,
vs elapsed irrigation time, ti’ on
.6 percent slope.
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EXPLANATION OF PLATE X

Average observed intake rate, in./hr.,
vs elapsed irrigation time, ti, on .2
percent slope.
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was debermined at the 100Qf00t station, The infiltration time
uscd at the 100-foot station was 000 minutes minus the time ol
advance as determined by the advance equation T eguals ALB. e
Summing the two infiltfation rates determined in this manner and
dividing by 2 the result was assumed to be an averagé calculated
intake rate of the treatment at 600 minutes. These calculated

values, for all furrows, and value of intake rate at 500 minutes

determined from the regressions are reported in Table 6.

Table 6.--Average observed and calculated intake rate @ 600
minutes.

: Slone
Furrow: .0 : LA : i 2

: Ave., Obs. Calc. : Ave. Obs. Calec. : Ave, Obs. Calc.
X1 : .092 .025 ; -—— .063 : .095 .043
%3 : .165 .110 : ;132 .140 : 181 .158
X5 : .245 .013 : .231 .072 : .205 .095
L1 : .158 .057 : e .064 : .150 .071
L3 .220 055+ .176 061+ 214 .098
L5 : .257 .185 : .250 .201 : .295 .066

From Plates IX and X it can be seen that the average observed
intake rate varies between the six treatments of the study. -On
any given slope the L5 and X§ tréatments have essentially the same
intake rate. The intake rates of the L3 and X3 treatments are
differcnt. The intake réte of the L3 trcatment is, on all slopes,
higher dinitially than the intake rate of the X3 treatment. The
same relationship is appapent for the L1 and X1 treatwents. How-
ever in the case of the L1 and X1 ﬁreatments the inipial and

final intake rates vary more than in the case of the L3 and X3
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treatments. The regrossion erquations that represent the average
observed intake rate for the L3 and X3 treatments are converpgent,
Convergence was also noted in the regression equations for the
L1 and X1 treatments.

The data indicates that the rate of flow in the L5 treatment
was sufficient to define a flow channel in the length of irriga-
tion time studied. Since the average observed intake rates of
the L5 and X5 treatments are cssentially the same, it can be
assumed that the infiltration characteristics of the flow channel,
defined by flowing water, of the L5 treatment is the same as the
flow channel formed by the experimental tool in the case of the
X5 treatment.

The convergence of the regression equations in the case of
the L3 and X3 and also the L1 and X1 treatments, indicates that
after sufficient irrigation time has elapsed, the infiltration
characteristics of the two furrowing treatments will approach a
common value. The elapsed irrigation time required for this to
nappen may be more than the time required for any one irrigation.

From the plotted regressions it is readily apparent that the
filtration of water from the furrow to the soil is related directly
to the rate of flow in the furrow. The relationship is the ‘same
for the rotary furrowing tool and the experimental furrowing tool.
This finding is not in agreement with findings of Criddle, Davis,
Pair and Shockley (10).

The infiltration characteristics of an irrigation furrow
appears to be influenced by slope, however the relationship is

not well defined from the data collected in this study.
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Comparing the aVQrage observed intale rates with the calcula-
ted intake rates, after 000 minutes of irrigation, Table 6, it is
apparcint that the empirical infiltration egquations, determnined
from advance data, do not accurately predict the infiltration
characteristics of the furrow after an elapsed‘period of irriga-
tion. The calculated and observed values for the X3 treatuent
on all slopcs have the least vnriaﬁce. The reason for the minimal
variance is ot apparent. The empirical infiltration equations,
determined from advance data, represent the infiltration charac-
teristics of an irrigation furrow during the time of advance,
however they do not accurately represent the infiltration

characteristics of the soil irrigated.
SUMMARY AND CONCLUSIONS

The influence of furrowing tools and furrowing tool mounting
on the rate of advance of water in an irrigation furrow was
studied. Due to a change in crop row widths, it is not possible
to compare the performance of the experimental furrowing tools
used in the puddle factor study with the experimental tool used
in the furrowing tool comparison study.

From the analysis of the puddle factor study data, it is
concluded that tool bar mounted furrowing fools significantly
retard the rate of advance of water in an irrigation furrow. The
experiumnental mounting device, used in the Quddle factor study, |
succcssfully tested a mounting principle, however the device is
not considered to be a design to be used in future furrowing

eqguipment.



It appears that several conclusions can be drawn from the
furrowine tool comparison study. Furrowing tools do signifi-
cantly inilucnce the volune of water in surface storage reqguired
for flow of water in an irrigation furrow. Furrowing tools also
significumtly influence the infiltration characteriétics of an
irrigation furrow. By influencing the surface storage volume
and the infiltration characteristics, furrowing tools signifi-
cantly influence the rate of advance of a given guantity of water
in an irrigation furrow.

The infiltration characteristics are also influenced by the
rate of flow of water in the furrow. Results of the comparison
study indicate a direct relationship. Criddle, Davis, Pair and
Shockley (10) state that rate of flow does not influence the
filtration of water from an irrigation furrow. Assuming the
relationship determined from the comparison study data, the rate
of advance of water in an irrigation furrow becomes more important
in achieving acceptable soil moisture distribution than when one

accepts the assumption of Criddle, Davis, Pair and Shockley.
SUGGESTIONS FOR FURTHER STUDY

The furrowing tool comparison study, reported in this thesis,
was conducted during the first irfigation of the crop season. -The
rate of advance of water was superior in the furrows formed with
experimental furrowing cquipment when compdred to the rate of
advance of water in furrows formed with a rotary tool. Further
study of the influence of furrowing tools during the second and
third irrigations was prevented due to the weather conditions of

the 1968:Sea50n.



The rate of advance -01' wiler in furrows of like treatment
varicecd. The recason for this variability could not be ascertained
from the data collected. The author would suggest, in futurc
studies of this type, that soil teuperature be monitored to
determine the influence of a varying soil temperatur‘é upon the
rate of advance of water in an irrigation furrow.

The benefit of the experimental equipment is obvious during
the first irrigation. Experience in field irrigation would
indicate that the experimental tools would have superior perfor-
mance during the first irrigation of all years.

Further study is required to determine the variability of
performance of the experimental tools throughout a total irriga-
tion season. The variability of furrowing tool performance
from irrigation season to irrigation season is also important.
By using furrowing equipment that results in irrigation furrows
that vary the least in performance, throughout an irrigation
secason and from irrigation season to irrigation season, an
irrigator will achieve better control of irrigation water.
Control of irrigation water should enable an irrigator to apply
irrigation water more effectively and efficiently than is

presently possible.
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TREATMENT

TL

T2

I3

T4

PUDDLE FACTOR STUDY

TOTAL TIME OF ADVANCE

FURROW I
2 248
3 176
4 216
2 187
3 1315
4 160
2 333
3 243
4 166
% 1586
3 235
4 193

REP.
i o §
169
184

212

264
239
199

336
211
169

226
190

240

IIX

100

188
188

261

158

198
175
336

254
274
334
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The rate of advance of irrigation water in an irrigation
furrow is an important factor in achieving an acceptable distri-
bution of soil moisture during the irrigation process. Accept-
able rates of advance are always possible by incrcasing the rate
of flow of water in the furrow. Large volumes of water are
wasted however, if the increased rate of flow is not reduced,
when the water reaches the lower end of the furrqw. Incrcasing
the rate of flow in the individual irrigation furrow reduces
the number of furrows that can be irrigated with a given head
or quantity of irrigation water. Improving the rate of advance
with smaller rates of flow should improve the efficiency of use
of irrigation water.

Studies related to the flow of water in irrigation
furrows, conducted by several investigators, werc reviewed.

The results of these studies indicate the influence of various
hyuraulic conditions of irrigation furrows on the rate of
advance of water in irrigation furrows. A design of experi-
mental furrowing tools, based on the results of the hydraulic
studies reviewed, is presented.

A field study comparing an experimental furrowing tool
with a rotary type furrowing tool was conducted at the Irriga-
tion Experiment Field, Scandia, Kansas. The soils of the area
are crete silty eclay loam. The study considered furrows,
formed with experimental and rotary type furrowing ecquipment
and threc rates of flow as random variables. Identical studics
were conducted on .2, .4 and.6 percent slopes. Slope was not

however considered a random variable. The cffcct of furrowing



Lool monnting on the rate of advancce of water in an ivrigalbion
furrow was also studied.

The influcnce of furrowing tool upon the surface storage
of water required for flow and the initial rate of water Fil-
tration from the furrow was evaluated mathematically.

The time required for the water, of any of the given rates
of flow studied, to advance 100 feet was less in Currows formed
with the experimental furrowing tool. The results of the
analysis indicates highly significant differences in the rate
of advance due to furrowing tool and the rate of flow. Results
of the mounting study indicates that tool bar mounting of
irrigation furrowing equipment significantly retards the rate

of advance of water in an irrigation furrow.



