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Abstract
Furrow irrigation systems are applied for their conservation of energy, but they are
criticized for using large amounts of water inefficiently. To conserve such water, the
furrow system needs to be designed properly and operated efficiently. One recommended
avenue to improve system operation efficiency is to adopt the inflow cutback technique.

The main aim of this study was to improve furrow irrigation system operational efficiency
via selection of one operating algorithm based on performance evaluation parameters
(application efficiency, runoff ratio, deep percolation ratio DPR and distribution
efficiency). In this study, using mathematical algorithms these Clemmens algorithm
"CLE", Walker-Skogerboe algorithm "SKO", and Muskingum-Cunge algorithm "MUS")
to compare the proper cutback flow at inflow rate, furrow lengths and furrow spacing. The
obtained results indicated that all the reported algorithms resulted in high distribution
efficiency (96.29%, 95.50 %, and 95.25 % for CLE, MUS and SKO respectively), but they
differ significantly (p<0.05) with respect to application efficiency. The resulting
application efficiencies in descending order are 86.25 %, 77.12, and 48.70 for MUS, CLE
and SKO respectively. However, these high application efficiency values obtained by
MUS and CLE algorithms support the selection of any one of them to improve furrow
irrigation. This recommendation is supported by the low tail water losses, "runoff ratio"
obtained as 1.98, 13.91 and 26.26% by MUS, CLE and SKO respectively, while the loss
ratio is due to deep percolation, and are 11.77%, for MUS, 8.97% for CLE and 25.05% for
SKO. The low DPR for all algorithms obtained is due to the low soil intake rate.
Keywords: Inflow cutback algorithms; improving furrow irrigation operation;
performance evaluation.
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1. Introduction

Furrow irrigation is used in dry areas for storing harvested rain water. In the
furrow irrigation system application efficiency is reported to be low and runoff rates are
high especially in low intake soils. To improve furrow performance, it is essential to
design the system with proper combination of design variables of inflow rate, furrow
length, soil infiltration rate and field slope for specific depth of application. In addition,
improvements of performance require proper field operation and system implementation.
For predicting furrow performance with these design variables advanced simulation
models have been used for predicting irrigation processes (advance, storage and recession)
as cheap substitute to direct field measurements (Nie et, al , 2018).

During operation phases inflow rate is unsteady and non-uniform and function to
infiltration and surface storage affected by discharge (Bahrami et, al, 2010). However, use
of high inflow rate leads to high tail water losses while using low inflow rate results in
accumulation of water deeply in furrow head resulting in poor water distribution
efficiency. One method to reach a compromise between the two is to employ inflow
cutback technique. To apply such technique requires prediction of state of advance and
recession. Forecast of advance and recession can be made using two approaches. The first
approach is based on hydrodynamic equations of mass and energy (or momentum)
conservation with some approximations thereof. The second approach is the volume
balance normal depth approach which is based on the principle of mass conservation and
assumption of storage-discharge relation to replace the energy equation.

James (1988) reported that the cutback irrigation involves decreasing (cutting
back) the rate of inflow when water approach graded furrow tail during an irrigation event
to reduce runoff losses to improve application efficiency. Cutback basic strategy of
controlling runoff by matching the rate at which water enters the soil to the average
infiltration capacity of the soil along the length of the furrow and by reducing water
accumulation during the storage phase. Usually, inflow is reduced in discrete steps as

opposed to continually.
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Merriam and Keller (1978) described a case study where water use efficiency
was improved from 48-71% by using a single cut-back flow. The technique requires a high
labour in-put unless a system of auto-irrigation is used.

Clemmens (2007) stated that after advance has been completed to the end of the
field the efficiency of furrow irrigation systems may often be improved, reducing the
inflow rate. (One step) to reduce high labour demand. Rapid advancement and more
consistent opportunity time can be achieved with a high beginning flow rate, whereas
stream reduction will lessen the amount of stored water leading to reduced runoff. If the
cutback in flow is insufficient to offset infiltration, downstream recession may occur and
progress back across the field. Instead of stopping immediately after advancing, the cutoff
is usually postponed until the infiltration is slightly diminished. This will also serve to
ensure that the downstream end receives sufficient flow depth and wetted perimeter. A
common practice is to cut back to 50% of the inflow. Dividing the cutback inflow rate by
the wetted field area gives the average infiltration rate that matches the cutback inflow.
There exist different mathematical algorithms to estimate inflow reduction rate.

This includes the first and pioneer work of Walker-Skogerboe (1978) which is
based on reducing the initial inflow by the soil basic intake rate and thus, runoff is
eliminated when the rate at which inflow decreases over time precisely matches the rate at
which the average infiltration rate decreases over time for the entire length of field.

The second approach is Clemmens algorithm (2007) which is calculation
procedures are based on continuity, but include some empirical expressions for
convenience. These calculations are used to determine advance and application times and
the resulting distribution of infiltrated water for a specific set of conditions. And the third
algorithm is given by Muskingum-Cunge (1969) and assumed that uses the bottom slope
in the expression for hydraulic diffusivity, defined as one-half of the unit-width discharge
divided by the water surface slope. The Muskingum - Cunge algorithm relies on the
continuity, or storage, equation. However, the Muskingum - Cunge algorithm relates reach
storage, at any time, to a linear combination of inflow and outflow. This arises the

question which approach to adopt to improve operating efficiently of furrow system.
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Objectives

The main aim of this study was to present and discuss how to improve the
operational efficiency of furrow irrigation via choosing one operating algorithm of
performance evaluation for furrow irrigation. The specific aim is to present simple
algorithms and easy -use operations based on Excel sheets.
2. Materials and Methods

2.1Clemmens (CLE)

The Clemmens model that was proposed by Walker and Albert Clemmens in

2007, the model depends on the volume balance model.

A, =y(Wb+Zxy) =yWb + y?Z (1)
P = Wb + 2yV1 + Z2 2
Qr = AR?/3S,"/* 3)

Where A,: furrow cross-sectional area, (m?); y: depth, (m); Whb: bottom width, (m);Z: side
slope (Lver:ZHor). P: wetted perimeter, (m); R: hydraulic radius of flow, (m); So: slope,

(m/m); n: Manning roughness coefficient.

Infiltration is one of the most important factors affecting the design and
performance of surface irrigation systems. Unfortunately, estimating infiltration conditions
is one of the most difficult aspects to do in the field. Irrigation engineers have tended to

use the Kostiakov Equation, or a variation thereof, defined by
d(t) = c+kt® + bt 4)
i(t)=ak®*1+b (5)

Where d: depth of infiltration, (mm); i: rate of infiltration, (mm/hr); t: opportunity time for

infiltration, (hr); a,b: mm/hr ¢ mm, and k mm/hr® there are four empirical constants.
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Typically, based design assumes that one side of the field will have a lower
infiltrated depth than the other. Next, the inflow rate and cutoff time are than adjusted to
ensure the necessary infiltration at that point. The time available for infiltration at any

point along the field is known as the infiltration opportunity time, defined by
Topp(X) = tr(X) — ta(x) (6)

The opportunity time and the recession time are equal at the beginning of the
field (x = 0).

Topp(o) = tr(0) =t + tlag (7

Where topp(X): infiltration opportunity time, (min); tr(x): recession time, (min); ta:
advance time ,(min). te: Cut-off time, (min); ti,g: recession lag time, (min) or required

time for the upstream end's water depth to reach zero following cutoff.

Computing advances and recession curves are not necessary for design based
that prioritize achieving requirement upstream end. But in addition to estimating the
recession lag time, an estimate of PE min is needed (USDA, 1974). The minimum depth
for well-designed systems is usually found at the downstream end of the field, furthest
distance from the source of water(x = L). When computing a recession and advance
curves, estimating the inflow rate and required time to realize tq becomes the biggest

challenge.
tr L) = ta L) + Treq (8)

The St.Venant equations of continuity and momentum can be solved if
possible to obtain precise solutions for advance and recession. Nevertheless, this approach
IS on a case-by-case basis and necessitates numerical analysis. It doesn't immediately yield
general formulas for advance and recession. The cutoff time can be computed by the

following equation.

teo = ta(l) + lreq — [tR (L) — tg(0) + tlag] 9)
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The period between the cut-off time and the recession for sloping furrow is
usually taken to be zero. They provide design techniques in this model that are based on
meeting the downstream end minimum for depth.

Vin(£) = Vy (6) + V(1) (10)

Where Vi, (t): represents the volume of water entering at time t, (m°); Vy(t): indicates the
volume of water stored on the surface at time t, (m®); and V,(t): shows the volume of water
infiltrated at time t, (m®).

By having information on both the surface and subsurface volumes
beforehand, you can be utilized this connection to calculate the time, tx, needed to travel a
distance x.
Qun(t) = 0,4, (O)x + 0,WZ(t)x (11)

Where oy: surface storage shape factor; W: width, (m); Z: infiltrated depth, (m) and o;:
subsurface shape factor. The surface shape factor is the ratio between the average cross-
sectional flow area and that at the head of the field. For furrows, it is typically between
0.70 and 0.80. The subsurface shape factor is the ratio between the average infiltrated
cross sectional area (infiltrated depth times width), and the infiltrated cross-sectional area
(depth times width) at the head of the field. When infiltration is defined by equation 5, the
subsurface volume is rewritten as below in equation (12):

v, = Wa (c + o ktd + bt ) (12)

Where h: exponent on the advance equation

t, = sx" (13)
Where: s: constant. From (ASAE, 1991), 6, can then be determined.

__ h+a((h—-1))+1
Z 7 (a+1)(h+1)

(14)

The initial step in the design process involves computing the advance time for the
progressing stream access to half and the full length of the field. One can compute the
advanced exponent can be computed from these two equations.

_ log(ti/2/t1)
- log(1/2) (15)
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Recession curve adjustment can be achieved by deducting the total applied
volume from the volume of water on the surface of cutoff. Therefore, the application time
can be found from the equation.

Vy (an)) (16)

teo = tA(L) t treq — ( Qn

Whereas: Vy(Qin): Stable state surface volume for the inflow rate following the completion
of the advance.

Dividing the cutback inflow rate by the wetted field area gives the average
infiltration rate that matches the cutback inflow

.~ _Qc
iy S5 (17)

The infiltration rate, the obtained on the field length is averaged by equation
below (18).

(a-1) a a
i~ = p 4 Hleb tep) _ — ({Lep) _
o= b+ =a—|(f - 1+n) - (-1 ] (18)

A conservative estimate of the correction in cutoff time can be found by dividing
the change in surface volume by the cutback flow rate, which is related to the distance
averaged infiltration rate through Equation 17. The adjusted cutback time is simply as in
equation (19).

_ Vy(Qin)_Vy(ch)

tcbadj - Qcb (19)

The cutoff time is determined by using Equation 16, with V(Qcp) instead of
Vy(Qin), due to a smaller volume being stored on the soil surface during cutback.
2.2 Skogerboe model (SKO)

The volume balance model assumes that at any time, t, water entering the field
will progress a distance, X, toward the lower end of the field. The furrow inflow at the
inlet of the field, Qo, is assumed steady, so that at time, t, the product of Qo and t equals
the volume of water on the soil surface, Vy(t), plus the volume infiltrated, Vz(t), which are
both time dependent.

Qot = 0yA X + 0,ZX (20)
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The trajectory of the advance of the waterfront in a furrow can be described as a simple

power function:
X =P(tp)" (22)

Where: X: the distance the front has advanced at time ta, r, and P are empirically fitted

parameters.

The infiltration function has a Kostiakov-Lewis characteristic form (Walker and
Skogerboe, 1987):

Z=kt*+f,T (22)

Where: Z is the volume of infiltrated water per unit length m®m, t is the opportunity time
min, fo: the basic intake rate in units of volume per unit length per unit time (m*min/min),
and (K)(m*/min?® /m) and (a) values are empirically fitted parameter. Utilizing these two
assumptions in the Lewis-Milne equation, the volume balance model can be written as
follows (Walker and Skogerboe, 1987).

fotX

Qot = 0yA X + 0, kt*X + e

(23)

_a+r(1-a)+1
Z 7 (1+a)(1+71) (24)
Where: o,: the subsurface water profile shape factor and oy is the surface water profile
shape factor. The cross-sectional flow area at the field inlet, A,, can be calculated using
the Manning equation as follows:

_ Q2n2 1/p2
8o = (3a005) =

Where Ao: Furrow cross-sectional area, (m?); Qo: inflow rate (m*/min); n: manning
coefficient; S,: field slope,(m/m)and p; and p,: empirical shape coefficients.

The Newton-Raphson procedure can be used to get the advance time (t.) using
the following equation:

Qo(tL)i—o AOL_sz(ti)iL_fO(tL)iL
_ y (1+1)) 26
(tL)i+1 - (tL)i - 0zakL  foL ( )

Q"_(ti‘a)i_(ﬂri)

Assume an initial estimate of (t.)j+1 as: (t_);

(tw)i = 5A,L/Q, (27)
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Compare the initial (t.); and revised (t.)i-1estimates of t.. If they are
approximately 0.5 minutes or closer, the design moves on to the next stage. If they are
unequal, assign (t.); the value of (t.)i+1 and repeat the step in equation 26.

Determine the advance time to reach the midpoint of the field, 0.5L, by
substituting 0.5L for L and t_ for tos., just as you would when be calculating t_. The
midpoint length and inlet area replaced for level field condition. The values of t. and tos_
are determined A, must be replaced level field condition. The values of t_ and using
equation 27 with L and 0.5L, respectively. Using approximations to compute the time
intake for moving stream to reach half and entire length of the field. A revise estimate of

the advanced exponent can be compute for these two.

_ log(2)
Tier = log(t1/t1/2) (28)

Compare the initial estimate with the retouch estimate. If they are same, then the

process of determining t_ is finished. If not, then retouch r; to ri.; in equation 26.

The intake opportunity time 1.y related to Z.q needs to be determined,
representing a specific instance that requiring a nonlinear solution for equation 22. The
Netwoton-Raphson procedure is used, beginning with an initial estimate t.,, Which is
labeled as (teq)i for convenience. To refine the estimate, compute an updated

approximation, (treq)i+1 USiNg the given equation.

Zreq_k(T?eq)i_fo(Treq)i
(TreQ)H_l = (TFEQ)i + L_'_f (29)

= o
(T%ec;il)i

Compare the values of the initial and revised estimates. If they are equal to each
other, or within an acceptable tolerance, the value of trq IS determined. If they are not
sufficiently equal in value, replace the initial value of treq with the revised value, (Treq,)i =

(Treq)i+1 IN €QuUAtion 29.

Following the advanced stage, it is important to ensure that the reduction in flow

is enough to maintain the continuous flow of water along the entire length of the furrow.
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Tailwater’s presence is unavoidable, but effort should be made to reduce it as much as
possible. Knowing that infiltration rates will decrease during the wetting period to values

similar to the basic intake rate con help determine how to size up the cutback flow.

Qcp = bf,L . (30)

Where: b: factor requiring some judgment to apply. It should probably be in the range of
1.1to 1.5.

Thus, the application efficiency of the cutback system can be described as

E = ZreqlL _ ZreqlL
a QotLQcbTreq Treq(Qo +Qcp)

(31)

2.3 Muskingum-Cunge model (MUS)

The Muskingum-Cunge method enhances the classical Muskingum method for
flood routing by incorporating physical-numerical principles from Cunge to calculate the
routing parameters. Comparatively, it can be stated that the classical Muskingum method
is hydrologic, whereas the Muskingum-Cunge method is distinctly hydraulic. The
equations that govern the model include Manning's equation, the volume balance equation,
Lewis-Kostiakov equation, and the mass conservation equation. The Muskingum-Cunge
model includes the same component equations as the Muskingum model, but routing
parameters are determined based on hydraulic parameters. The Muskingum-Cunge model
is solved by applying the continuity and momentum equations (Bahrami, et,al 2010). The
continuity equation can be expressed in the following manner:

04 | 3Q _
5 +t5.=0 (32)

Where: A: cross sectional area (m?); Q: discharge (m®/s); t: time (s); and x: space (m).
When there is lateral inflow contribution to the system, equation 32 becomes:

0A 0
= (39)
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Where gy is the lateral inflow (m®/s)

The diffusion form of the momentum equation is written as follows:

d
Sp =S == (34)

Where Sg: is friction slope (m/m) and S,: is channel bed slope (m/m).

After combining these two equations and after a linearization process, a convective

diffusion equation is derived as
00 , 90 _ 0%
S tCo T Uszteq (35)

Where c: is wave celerity (m/s), p: hydraulic diffusivity (m%s). They are expressed as

follows:

_aQ
c=— (36)
= (37)

The downstream outflow can be predicted by using the following equation.

QJLE = Cllji+1 + Czlji + CBQJi'+1 (38)
Where as
At—-2K6
C1 = o 59
At+2K0
C2 = g oyeme (0)

_ 2k(1-6)-At

Cs = xacora “1)

Where:Q!*1: downstream outflow at time (j+1) (m*sec). Ql,,: Downstream outflow at
j+1 j+1

time (j+1) (m*/sec). I]-i“: Upstream inflow at time (j) (m*/sec). I]-i: Upstream inflow at time
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(i) (m*/sec), K: storage constant (sec). X: weighting factor (show the relative importance

of inflow and outflow in computing storage) (dimensionless) At: time interval (sec).

— Q 452
0=05- 2BS,CAx (1 —5F ) (42)

c c

F=—==— (43)

NE \/QE
Where: 0: weighting factor, non-dimensional, Q: discharge (m®/sec), B: is the width of the
water surface(m). So: bed slope (dimensionless), c: celerity corresponding to Q and B
(m/sec), Ax: is the increment in space (m) A: cross-sectional area (m?).

S = K[6I+ (1 -6)Q] (44)
Where: S: reach storage m®, I: inflow discharge, m®/sec, O: outflow discharge, m® /sec.

Bahrami, et, al, (2010) stated that an important difference between furrow
irrigation and river conditions is due to infiltration phenomenon in the field. Infiltration
can affect this cycle as an outflow similar to lateral channels pour to or branch from major
channels or rivers. With spotting this assumption which can be an accurate assumption,

following applied relation is presented:

QT = GIT + CoIf + C3Q%4 + Co(qrAx) (45)
Where as
2(%)
Cs = norrm 40)
. . . . Gi+Gi+1
Q}ii = C1I]}+1 + Colf + C3Qj41 — C4( 5 ) (47)

G' and G™*: infiltration rate at two consecutive infiltration opportunity times. Duration of

advance phase in each place segment is determined by using volume balance as

i+1 i
[—Q 2+Q ]AT

Ax = (48)

0yAp+0zZ,
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Q™! and Q" outflow in advance phases at beginning and ending of time step AT.

The infiltration rate, over the field length, is averaged by the equation below.
. _ fol | akL [(fte) _ ¢ () _ 1\*
o=t () -1 r) - (G- 9)

Compute the adjusted cutback time using equation 19. Equation 16 is used to compute the

cutoff time, However Vy(Qin) is replaced with Vy(Qcp).
2.2 Input Data

It includes design inputs, furrow length, spacing, and slope, furrow shape
coefficients, manning coefficient, infiltration parameters, irrigation requirement and
surface shape factor. While for the Clemmens algorithm, there are inputs specific to the
Clemmens algorithm that include bottom width, water depth, water depth cutback, side
slope and infiltration parameters. The input design parameters can be summarized by

running the all algorithms are given in tables 1.0.

Table 1: Input data for all algorithms.

Inlet discharge; Qo (L/s) 1.8 2.2 2.5 2.9
Field length; L (m) 130 180 230 270
Field spacing; W ( (m) 0.75 1.0 1.2
slope; S, (M/ m) 0.002
irrigation requirement, Zq (mm) 100
surface shape factor gy, 0.77
Manning coefficient; n 0.04
Shape coefficient; p; 0.325
Shape coefficient; p, 2.734
Skogerboe Clemmens
Infiltration parameters a 0.303 a 0.62
K; (m’/min®m) | 0.0063 | k mm/hr® 39.7
fo ;(m*min.m) | 0.00032 | b mm/hr 0.0
water depth; y (m) - 0.063 | 0.070 | 0.074 | 0.079
water depth cutback yg, (m) - 0.045 | 0.050 | 0.053 | 0.057
bottom width; Wb (mm) - 100
side slope z - 2:1
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2.3 Statistical analysis

A one way analysis of variance test, standard error (SE) and the multiple
comparison tests were (LSD) using Statistix 8.0 model to analyses the significance of the
means and their comparison with each other. The values sharing at least one same latter
are significantly different.

3. Results and Discussion
3.1 Application Efficiency (Eg)

The analysis of variance for application efficiency results is shown that in Table 2.
The impacts of algorithms were significant (p<0.05) on application efficiency. All three
means are significantly different from one another and the mean values of E, for SKO,
CLE and MUS were of 48.70, 77.12 and 86.25% respectively. The impact of the inflow
rate on E, was significant (p<0.05). There are no significant pair wise differences among
the means and the mean values of E, were 72.09, 71.55, 70.5 and 68.62% for 1.8, 2.2, 2.5
and 2.9 L/s, respectively. E, showed an increasing trend as inflow rate decreased. The
impact of the furrow length on E, was significant (p<0.05). There are no significant pair
wise differences among the means and the mean values of E, were 65.47, 71.76, 73.4 and
72.1% for 130, 180, 230 and 270 m, respectively. E, showed an increased trend as the
furrow length increased except furrow length 270 m. The impact of the furrow spacing on
Ea was significant (p<0.05). There are no significant pair wise differences among the
means and the mean values of E, were 69.1, 71.45 and 71.52 % for 0.75, 1 and 1.2 m,
respectively. E, showed an increasing trend as the furrow spacing increased. This is in
agreement with the result of Assefa et al. (2017) who stated highest efficacies achieved for
small furrow lengths with relatively low discharges and larger flow rates are needed as
furrow length increases to obtain high efficacies.

Table 2: Statistical comparison of the models (SKO, MUS and CLE), furrow length and
furrow spacing for application efficiency.

Algorithms Inflow rate I/s

MUS CLE SKO 1.8 2.2 2.5 2.9
E, % 86.25A 77.12B 48.70C 72.09A 71.55A 70.50A 68.62A
SE 2.09 451
LSD (0.05) 4.12 8.92

Furrow spacing m Furrow length m

0.75 1 1.2 130 180 230 270
E, % 69.10A 71.45A 71.52A 65.47A 71.76A 73.40A 72.13A
SE 3.90 4.46
LSD (0.05) 7.70 8.82
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3.2 Surface runoff ratio (RO)

Results from the Surface runoff ratio show in table 3, the effect of the models
significant difference (p<0.05). All three means are significantly different from one
another and the mean values of RO were of 1.98, 13.91and 26.26% for MUS, CLE and
SKO respectively. The results for RO show that there was significant (p<0.05) variation in
effect of the inflow rate on RO. There are two groups in which the means are not
significantly different from one another. The RO increased as the inflow rate increased
and the mean values of RO were of 8.47, 12.76, 15.62 and 19.34 for inflow rates 1.8, 2.2,
2.5and 2.91/s respectively. The results for RO show that there was significant (p<0.05)
variation in effect of the furrow length on RO and there are three groups in which the
means are not significantly different from one another. The mean values of RO were of
25.42, 14.64, 8.93 and 7.2 for furrow length 130,180,230 and 270 m respectively.RO show
decreasing trend with increasing furrow length. This is in agreement with the result of
Assefa et al. (2017) who stated surface runoff ratio showed decreasing trend with
increasing furrow length. The effect of the furrow spacing on RO was significant (p<0.05)
There are no significant pair wise differences among the means and the mean values of
RO were 16.8, 13.1and 12.16 % for furrow spacing 0.75, land 1.2 m, respectively. RO
trend decreasing with increasing furrow spacing.

Table 3: Statistical comparison of the models (SKO, MUS and CLE), furrow length and

furrow spacing for Surface runoff ratio.

Algorithms Inflow rate I/s

MUS CLE SKO 1.8 2.2 2.5 2.9
RO % 1.98C 13.91B 26.26A 8.47B 12.76AB | 15.62A 19.34A
SE 2.30 3.43
LSD (0.05) 4.54 6.79

Furrow spacing m Furrow length m

0.75 1 1.2 130 180 230 270
RO% 16.8A 13.18A 12.16A 25.42A 14.64B 8.93BC 7.20C
SE 3.05 3.13
LSD (0.05) 6.02 6.19
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3.3 Deep percolation ratio (DP)

The differences in DP values between models were significant (p<0.05). There
are two groups in which the means are not significantly different from one another. The
mean values of DP for CLE, MUS and SKO were 8.97, 11.77 and 25.05%, respectively.
The analysis variation on DP indicated that there was significant (p<0.05) variation in
effect of the inflow rate on DP and there are two groups in which the means are not
significantly different from one another. The mean values of DP were of 19.43, 15.74,
13.88 and 12.04% for inflow rates 1.8,2 .2, 2.5 and 2.9 I/s, respectively. The DP decreased
as the inflow rate increased. The results for DP show that there was significant (p<0.05)
variation in effect of the furrow length on DP and there are three groups in which the
means are not significantly different from one another. The mean values of DP were 9.11,
13.6, 17.67 and 20.67 for 130, 180, 230 and 270 m, respectively. The DP increased as the
furrow length increased. The effect of the furrow spacing on DP was not significant
(p<0.05) there are no significant pairwise differences among the means. The mean values
of DP were 14.10, 15.37 and 16.33% for 0.75, 1and 1.2 m, respectively. The DP increased
as the furrow spacing increased.

Table 4: Statistical comparison of the models (SKO, MUS and CLE), furrow length and

furrow spacing for deep percolation ratio.

Algorithms Inflow rate /s

MUS CLE SKO 1.8 2.2 2.5 2.9
DP % 11.77B 8.97B 25.05A 19.43A 15.70AB | 13.88B 12.04B
SE 1.44 2.27
LSD (0.05) 2.84 4.49

Furrow spacing m Furrow length m

0.75 1 1.2 130 180 230 270
DP % 14.10A 15.37A 16.33A 9.11C 13.60B 17.67TAB | 20.67A
SE 2.03 2.12
LSD (0.05) 4.01 4.19

3.4 Distribution Uniformity (DU)
The analysis of variance (ANOVA) of distribution uniformity results shows that
in table 5. The inflow rate had a not significant impact on the DU (p<0.05). There are three

groups in which the means are not significantly different from one another. As DU
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increased as the inflow rate increased and the mean values of DU were 93.15,95.66 and
97.34 for inflow rates 1.8, 2.2, 2.5 and 2.9 I/s, respectively. The effect of the models on
DU was not significant (p<0.05). There are no significant pairwise differences among the
means and the mean values of DU were 96.29,95.5 and 95.25 for CLE, MUS and SKO,
respectively. The effect of the furrow length on DU was significant (p<0.05), all four
means are significantly different from one another. The DU decreased as the furrow length
increased and the mean values of DU were 98.71,97.00,94.77 and 92.24% for furrow
lengths 130, 180, 230 and 270 m, respectively. This is similar to the reports of Holzaphel
et al. (2010) which stated that uniformity is an increasing function of flow rate and a
decreasing function furrow length. Increase in flow rates reduces the difference in wetting
time between the head and tail of the furrow the effect of the furrow spacing on DU was
not significant (p<0.05) there are no significant pairwise differences among the means and
the mean values of DU were 95.06, 95.89 and 96.09% for furrow spacing 0.75, landl.2
respectively.

Table 5: Statistical comparison of the models (SKO, MUS and CLE), furrow length and

furrow spacing for distribution uniformity.

Algorithms Inflow rate I/s
MUS CLE SKO 1.8 2.2 2.5 2.9
DP % 95.5A 96.29A 95.25A 93.15C 95.66B 96.58AB | 97.34A
SE 0.73 0.76
LSD (0.05) 1.44 1.50
Furrow spacing m Furrow length m
0.75 1 1.2 130 180 230 270
95.06A 95.89A 96.09A 98.71A 97.00B 94.77C 92.24D
SE 0.73 0.62
LSD (0.05) 1.44 1.23
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4. Conclusions

The proposed algorithms are flexible in that they allow the user the freedom to
choose input for different types of soils. In this study, three cutback flow algorithms were
proposed, chosen for their simplicity and ease use, with the aim of improving furrow
irrigation performance. These algorithms differ slightly in way the cutback flow
computed. This algorithm uses continuity flow to compute the advance time to field end
and half the distance to field end. The algorithm inputs included two types of variables,
one constant (a, k, fo, Zreg, N, So, gy, p1 and p,) and the other variables (L, Q and W), and
they were defined in furrow in this study. The results indicated that the Muskingum-Cunge
algorithm achieved a higher application efficiency compared to the other algorithms for
the free-draining, graded furrow irrigation systems employing cutback flows. It’s
recommended to conduct sensitivity analysis of the inputs each algorithm to evaluate the
effect of changing the inputs on the performance of furrow irrigation. In addition to

conducted field experiments to compare the results of the algorithms with the field results.
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