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Abstract
Surface irrigation methods need less capital investment and energy than pressurized systems, and therefore they have a wide 
range of use in many regions. However, inaccurate system design and irrigation applications lead to non-uniform distribu-
tion of water in the soil profile. Therefore, the water loss caused by deep percolation increases, and the water application 
efficiency decreases. In this investigation, a new method was devised for the optimum design of a blocked end furrow system. 
The new method simulates the movement properties of water in the soil. It analyzes interactively and simultaneously the 
infiltration characteristics of the soil, the inflow to the furrow and the irrigation water requirement of the crop. The spatio-
temporal variation of the wetting pattern which occurs during the water application period and of the components of the 
wetting pattern can be determined momentarily for any time point during the irrigation application. This process is carried 
out by running the movement equations of water in the soil, which are described in this investigation. The proposed method 
was run for two different sample applications of blocked end furrow systems without slope. In the verification process of the 
model, the sample applications were compared with the results of the USDA SCS method. The results from the two differ-
ent methods were compared and analyzed in detail. In conclusion, the results from the proposed method gave the optimum 
solution for different conditions.

Introduction

Poor design and management of surface irrigation systems 
cause low water application efficiency and the non-uniform 
water distribution (Esfandiari and Maheshwari 2001; Kilic 
and Anac 2012). Border, basin and furrow irrigation meth-
ods are used nearly with 90% of irrigated crops worldwide 
(Bristow et al. 2020). The furrow irrigation method does not 
need high investment cost, and it is relatively easy to design 
(Walker and Skogerboe 1987; Bristow et al. 2020). Also, 
this method provides suitable aeration conditions in the soil 
(Wu et al. 2017).

In Turkey, nearly 75% of water resource potential is used 
for irrigation. Domestic and industrial use of water follows 
this with about 15% and 10%, respectively. However, the 
amount of irrigation water is not adequate in the country 
(Kanber and Ünlü 2008). As the furrow irrigation method 

has a lower investment cost than pressurized systems, it 
is very common in Turkey (Montesinos et al. 2001; Kilic 
2020; Kilic and Anac 2010). Water is applied to the soil 
surface by gravitation.

Inflow rate, irrigation timing, furrow length, cut-off time 
and infiltration properties of soils are the components which 
affect the benefit gained from an irrigation system. Likewise, 
a small amount of deep percolation and run-off volume pro-
vides efficient use of deficient resources (Montesinos et al. 
2001; Levidow et al. 2014; Pozo et al. 2019; Ebrahimian 
et al. 2020; Kilic and Tuylu 2010). Heterogeneity in soils 
and hydraulic properties make the movement of water both 
on the soil surface and in the soil profile a complex process. 
A model was developed by Katopodes (1994) for investigat-
ing the hydrodynamics of the surface irrigation. The veloc-
ity profile of the wave front was investigated, and the two-
dimensional finite element approach was used. Dependent 
variables of furrow irrigation were described using empirical 
functions by Zerihun et al. (1997a, b). The specific equations 
were investigated using the regression analysis.

The amount of irrigation water to be applied, inflow, cut-
off time and furrow length are components for the better 
management of the irrigation application. Raghuwanshi 
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and Wallender (1999) optimized these decision variables 
using the seasonal furrow irrigation model and the time 
series model. Kang et al. (2000) investigated the advance of 
water, yield production, water distribution uniformity and 
the water application efficiency in an arid region for maize, 
using the conventional furrow irrigation (CFI), the fixed 
furrow irrigation (FFI) and the alternate furrow irrigation 
(AFI) methods. A mathematical solution procedure was not 
developed for the above irrigation applications. Valiantzas 
(2000) investigated the advance of water in furrows using 
an equation which did not need estimation of the surface 
storage volume. Esfandiari and Maheshwari (2001) inves-
tigated the estimation of advance and recession times and 
run-off of the Ross, Walker, Strelkoff and Elliott models. In 
addition, the computational time and volume balance error 
were evaluated. Montesinos et al. (2001) developed a model 
for seasonal furrow irrigation. In this process, the economic 
benefit was maximized by taking into consideration soil 
properties, climatological data, crop properties and furrow 
features. The OPTIMEC (EConomic OPTIMization) pro-
gram was used in this solution, and a calendar was obtained 
for the irrigation season.

Furrow irrigation applications were simulated by Mailhol 
et al. (2005) in order to compare the alternative management 
strategies. It was determined that variations in the infiltration 
properties of soils reduced the water application efficiency. 
Khatri and Smith (2006) predicted the infiltration proper-
ties of soil using the water advance data, and the MIC—
model infiltration curve—was used in this process. Koech 
et al. (2014) optimized the automated furrow irrigation 
system under real time conditions. The optimum efficiency 
was obtained by predicting the infiltration properties and 
by the management of irrigation data. Ebrahimian (2014) 
described the infiltration features of different furrow irriga-
tion applications using the IPARM, the two-point method 
and the INFILT models. The infiltration parameters of the 
modified Kostiakov equation were predicted by these three 
different methods. The Richards equation is used indirectly 
to predict the amount of deep percolation. The soil hydraulic 
parameters and the crop properties are necessary for running 
the Richards equation. Selle et al. (2011) estimated the deep 
percolation using the Richards equation for surface irriga-
tion. It was examined in this investigation whether the soil 
moisture data could be used to estimate the deep percolation 
by running the Richards equation. It was indicated that a 
simple Richards equation was inadequate for this process.

Various simulation models have been developed for sur-
face irrigation systems in different investigations. HYDRUS 
(2D/3D) and its predecessors SWMS-2D, CHAIN-2D 
(Šimůnek et al. 2008, 2016), SURDEV (SURface irrigation 
DESign, operation and Evaluation model) (Jurriens et al. 
2001), surface irrigation simulation evaluation and design 
model (SIRMOD) (Walker 2003), WinSRFR (Bautista et al. 

2009, 2012), SURCOS (Burguete et al. 2014), SIDES (Ada-
mala et al. 2014) and surface irrigation simulation, calibra-
tion and optimization model (SISCO) (Gillies and Smith 
2015) have been used in various investigations of surface 
irrigation systems. The HYDRUS program simulates the 
water movement, the multiple solutes and the heat trans-
fer processes using the numerical solution procedure of 
the Richards equation. Solute and water movement in two 
dimensions are simulated by SWMS_2D model by solv-
ing the Richards equation numerically. This procedure is 
carried out for the convection–dispersion equation for the 
solute transport and the saturated–unsaturated water flow. 
The CHAIN-2D model simulates the water flow, the heat 
and the solute transport in two dimensions. In this process, 
the Richards equation is solved numerically. SURDEV 
model designs, operates and evaluates the surface irriga-
tion methods. SIRMOD model simulates the surface irriga-
tion hydraulics. The program is based on the hydrodynamic 
model. The WinSRFR program performs the hydraulic anal-
ysis of surface irrigation methods. The design, evaluation, 
simulation and operational analysis are carried out by this 
model. The SURCOS program simulates the fertigation and 
irrigation applications in furrows. The solution procedures 
are carried out by running the transport equation and the 
1D-Saint–Venant equations. The SIDES model designs and 
evaluates the surface irrigation methods. The volume bal-
ance approach is used in this process. The SISCO program 
simulates the surface irrigation methods to the open canal 
flow. The one-dimensional Saint–Venant equations are run 
in this process. All of these models require different data sets 
and configurations with different variables, and each of these 
methods has a different solution approach and specific data 
requirements (Dialameh et al. 2018).

Wang et al. (2014) investigated the crop yield and soil 
water dynamics under furrow irrigation. A two-dimensional 
model was developed using the CHAIN-2D and EPIC mod-
els. Water movement in the soil profile and the spatio-tem-
poral variation of the wetting pattern were not taken into 
consideration. Delgoda et al. (2016) used the water balance 
approach to maintain the moisture deficit in the root zone. 
This process was carried out by the model-based control of 
irrigation. A linear time series model was obtained using 
the water balance data. Liu et al. (2019) described surface 
water flow and solute transport by the zero-inertia and aver-
age cross-sectional convention–dispersion equations. It was 
indicated that numerical oscillations could be eliminated 
by using suitable time steps. Triggered furrow irrigation 
was simulated and analyzed by Naghedifar et al. (2020) 
using the 3D Richards equation and the one-dimensional 
hydrodynamic form of the Saint–Venant equations. The 
Richards equation was solved by the coordinate transfor-
mation technique. Mazarei et al. (2020) used the WinSRFR 
model to optimize the inflow rate, the cut-off time and the 
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field geometry. The fertilizer locations in furrow irrigation 
were determined using a simulation model by Bristow et al. 
(2020). The effects of various soil surface treatments and 
deep drainage were evaluated by the HYDRUS model in 
furrow systems.

A number of scenarios for design parameters need to be 
examined to achieve the optimum design and management 
of an irrigation system. The analytical solution method is 
another approach to describing the nature of the events in 
the furrow irrigation. In this investigation, a new method is 
devised based on the analytical solution technique for the 
blocked end furrow system. The proposed method was run 
for the solution of different furrow irrigation applications 
which were published previously by Yıldırım (2013). The 
results from the model solution were analyzed and verified 
in detail.

Method

Horizontal movement of water on the soil surface, infil-
tration in a vertical direction and the wetted area pattern 
depending on time constitute the main components of the 
furrow system in this investigation. All of these components 
are functions of time, and they have interactions with each 
other.

In this research, movement of water in a blocked end fur-
row was investigated in spatio-temporal dimensions. There 
were two main reasons for choosing the blocked end fur-
row system. The first reason was that the water applied to 
the blocked end furrow system cannot flow out of the fur-
row, and, therefore, all the components which constitute the 
irrigation application can be determined and analyzed as a 
whole in the same system. Horizontal movement of water 
on the furrow surface, vertical infiltration of water into the 
soil profile and spatio-temporal variation of the wetting pat-
tern which occurs at any time  t0 during the water application 
period can be evaluated and analyzed as a whole in the same 
system.

The most important reason was that an application effi-
ciency of over 80% can be achieved if the blocked end fur-
row system is designed accurately (Yıldırım 2013). This 

provides an important level of water saving especially in 
arid and semi-arid regions where surface irrigation systems 
are applied widely.

The wetted area pattern which occurred depending on 
both the horizontal movement of water on the soil surface 
and infiltration of water to the soil profile are shown sche-
matically in Fig. 1 (Walker and Skogerboe 1987; USDA SCS 
2012).

The wetted area pattern shows a continuous variation 
depending on the advance period of the water on the soil 
surface, the infiltration properties of the soil, the inflow to 
the furrow, the irrigation water requirement of the crop and 
the length of the irrigation period.

Horizontal movement of water on the soil surface occurs 
much faster than infiltration in a vertical direction. There-
fore, the wetted area pattern in the soil profile is similar to a 
quarter of an ellipsoid, the foci of which are on the X axis in 
the IVth zone of the coordinate system.

The next part of this paper will present a mathematical 
description of the movement of water both on the soil sur-
face and in the soil profile during a hypothetical irrigation 
event in a level furrow with blocked end.

Relative movement of water in soil

Movement of water before reaching the end of the furrow 
constitutes the beginning stage of the process. In other 
words, the elapsed time from the beginning of the irrigation 
(Tb) is smaller than the water advance period (Ti): (Tb < Ti). 
The water advance period is the length of time until the 
water reaches the end of the furrow (USDA SCS 2012; 
Yıldırım 2013).

In this stage, water is supplied to a blocked end furrow 
with length L with an inflow q which does not cause erosion.

Movement of water before reaching the end of the fur-
row is in both horizontal and vertical directions, and both 
of these components are functions of time. Water movement 
in the furrow in these conditions is shown schematically in 
Fig. 2.

In this state, as water advances in the horizontal direction, 
it infiltrates into the soil at the same time. Water moves on 
the soil surface with a velocity of �ah

�t
= v. As the total length 

Fig. 1  The wetted area pattern 
which occurred depending on 
the simultaneous movement of 
water on the soil surface and 
in the soil profile in the furrow 
irrigation system
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of time from the beginning of the irrigation is smaller than 
the water advance period in the furrow (Tb < Ti), water does 
not reach the end of the furrow in period Tb. While hori-
zontal movement of water is continuing on the soil surface, 
it infiltrates into the soil in a vertical direction at the same 
time. Water infiltrates into the soil with a velocity of �bb

�t
= ib 

depending on the features of the soil. In the vertical move-
ment, as the elapsed time from the beginning of the irrigation 
is smaller than the net infiltration period (Tb < Tn), the depth of 
water infiltrating the soil at the head of the furrow during the 
period Tb is smaller than the net irrigation water requirement 
of the crop (bb < Dn) (Fig. 2). The net infiltration period (Tn) is 
the length of time for the infiltration of the net irrigation water 
requirement of the crop.

Water moves simultaneously in both vertical and horizontal 
directions in a blocked end furrow, creating a wetted area pat-
tern in the soil profile. This shape is ellipsoidal, as explained 
previously. The size of the wetted area in the soil profile dur-
ing the period Tb from the beginning of the irrigation can be 
determined by the following equations:

In Eq. 1, AT: cross sectional area of the infiltration profile 
along the furrow during the period Tb from the beginning of 
the irrigation  (cm2); ah: advance of water on the soil surface in 
the furrow at any time point t from the beginning of the irriga-
tion (cm) (Fig. 2); bb: depth of water infiltrating the soil at the 
head of the furrow during the period Tb from the beginning of 
the irrigation (cm) (Fig. 2).

(1)AT =
�

4
ahbb

As the variables on both sides of the equation are functions 
of time, they can be derived according to time (t).

In Formula 2, VAT: rate of change of the cross sectional area 
of the infiltration profile along the furrow at any moment t of 
the irrigation  (cm2  h−1).

Water continues its horizontal advance in the furrow over 
a definite period. When the advance distance and the advance 
time of water between two definite points on the soil surface 
are measured, the horizontal advance velocity of water can be 
determined by the formula given below.

Δv = Horizontal advance velocity of water on the soil sur-
face (m  min−1).

Δx = Distance between two definite points where water 
advances on the soil surface (m).

Δta = Advance time of water between two definite points 
(min).

If these processes are implemented with three repetitions 
and the average velocity is calculated, the value of this com-
ponent refers to v (m  min−1).

The rate of change in the size of the wetted area in the soil 
profile at any moment t of the irrigation can be determined by 
Eq. 2 given above. The increment acceleration of this wetted 
area is as follows:
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Fig. 2  Movement of water in a furrow and the wetted area pattern, 
when the elapsed time from the beginning of the irrigation is smaller 
than the water advance period (Tb < Ti)
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In Eq. 4, ∂2AT/∂t2: the increment acceleration of the wetted 
area  (cm2  h−2); ib: infiltration velocity of water in soil at the 
head of the furrow (cm  h−1); v: average advance velocity of 
water on soil surface in a horizontal direction (cm  h−1).

In the next stage, while multidirectional movement of 
water is continuing in the furrow, a wetted area pattern also 
occurs in the soil profile. The border line connecting bb and 
bs can be considered as a line with a slope (Fig. 3). This is 
because, while the infiltration depth of water into the soil in 
a vertical direction has a small value, the length of the fur-
row might be hundreds of times greater than the infiltration 
depth. For example, the net irrigation water requirement of 
a crop was Dn = 84.2 mm while the length of the furrow was 
L = 175 m (Yıldırım 2013). Here, there is a nearly 2078.4 
times difference between the length of the furrow and the net 
irrigation water requirement of the crop. Because of this, the 
border between bb and bs can be considered as a linearized 
line with slope (Fig. 3). Description of the curvilinear bor-
der of the infiltration pattern for every time point during 
the irrigation application by different nonlinear functions, 
which shows a continuous variation for each time point in 
spatio-temporal dimensions, and the running of these func-
tions many times repeatedly for consecutive time points 
are very complex processes in a furrow irrigation system. 
Therefore, the curvilinear border of the infiltration pattern 
was linearized as a sloping line. This procedure enabled the 
model to be run for many consecutive time points in spatio-
temporal dimensions. High levels of water application effi-
ciency have been obtained by running the model for different 

(4)
�
2AT

�t2
=

�

2
ibv

sample applications. This solution approach has reduced the 
complexity of the model and the calculation intensity.

Water infiltrates the soil with a velocity of �bb
�t

= ib 
at the head of the furrow. However, as the elapsed time 
from the beginning of the irrigation is greater than the 
net infiltration period at the head of the furrow (Tb > Tn), 
the depth of water infiltrating the soil in this part of the 
furrow is greater than the net irrigation water requirement 
of the crop (bb > Dn). Therefore, deep percolation with a 
value of (bb − Dn) mm occurs at the head of the furrow. 
The size of the area of the right-angled triangle (bb, Dn, 
K) in the soil profile shows the size of the wetted area 
caused by the deep percolation at any moment t of the 
irrigation (Fig. 3).

In Fig. 3, it is necessary to determine the coordinates 
of the intersection point K(Xk;Yk) of the slopeless line 
showing the net irrigation water requirement of the crop 
(Dn), and the sloping line [bb bs] formed by water at the 
border of the wetted area pattern in the soil profile. The 
coordinate of this intersection point K can be determined 
by the common solution of both the equations of these two 
lines. The equation of this sloping line between the points 
bb and bs was determined according to the principle of the 
equation of the line containing two points. The coordinates 
of these two points, which were on the sloping line [bb bs], 
were (0;bb) and (L; bs), respectively. Thus, the equation of 
the sloping line [bb bs] is determined as follows:

The equation of the line without slope which shows 
the net irrigation water requirement of the crop in Fig. 3 
is given below.

The coordinate of the intersection point K(Xk; Yk) of 
the sloping line [bb bs] and the slopeless line y = Dn was 
determined by the common solution of the equations of 
these two lines, as explained below. First, the abscissa (Xk) 
of the intersection point K can be determined.

y − bb

bb − bs
=

x − 0

0 − L

y − bb = −
x

L

(

bb − bs
)

(5)y =

(

bs − bb
)

L
x + bb

y = Dn

Dn =

(

bs − bb
)

L
x + bb

X

Y
/

X
/

Y

w

bb

Dn

Dn

bs

K(Xk;Yk)0

L

Fig. 3  Schematic description of the wetted area caused by deep per-
colation and the dry area which has not yet been irrigated in the soil 
profile, on the coordinate system
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Substituting Xk for X and rearranging,

The ordinate (Yk) of the intersection point K is determined 
as given below.

As a result, the coordinate of the point K(Xk; Yk) can be 
formulated as follows:

In Formula 8, K: the (coordinates of the) intersection 
point of the slopeless line showing the net irrigation water 
requirement of the crop (Dn), and the sloping line [bb bs] 
formed by water at the border of the wetted area pattern in 
the soil profile (Fig. 3); L: length of furrow (cm); Dn: net 
irrigation water requirement of the crop in any irrigation 
period (cm); bb: Depth of water infiltrating the soil at the 
head of the furrow during the period Tb from the beginning 
of the irrigation (cm); bs: depth of water infiltrating the soil 
at the end of the furrow during the infiltration period Ts 
(cm).

In this stage, the wetted area pattern in the soil profile at 
any moment t of the irrigation is a right-angled trapezoid 
with corner points 0, bb, bs and L (Fig. 3). Therefore, the size 
of the wetted area is determined as follows:

In this stage, the rate of change in the size of the wet-
ted area at moment t of the irrigation can be determined as 
follows:

In the formula above, VAT: rate of change of the size of 
the wetted area in the soil profile at any moment t of the 
irrigation  (cm2  h−1); L: length of furrow (cm); ib: infiltration 
velocity of water in the soil at the head of the furrow (cm 
 h−1); is: infiltration velocity of water in the soil at the end of 
the furrow (cm  h−1).

(6)
(

Dn − bb
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bs − bb
)

L
x

(7)Xk = L

(

Dn − bb
)

(
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(9)AT =
L

2

(

bb + bs
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.
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L

2
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(10)VAT =
L

2

(
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)

.

The size of the wetted area caused by deep percolation 
at any moment t in this stage of the irrigation is equal 
to the area of the right-angled triangle (A1) with corner 
points bb, Dn and K (Fig. 3). Also in this process, the size 
of the dry area which has not yet been irrigated in the soil 
profile at moment t of the irrigation is equal to the area of 
the right-angled triangle (A2) whose corner points are bs, 
Dn and K (Fig. 3).

The size of the wetted area (A1) caused by deep per-
colation from the head of the furrow in the soil profile at 
moment t of the irrigation can be formulated as follows 
(Fig. 3):

When the value of Xk is inserted in this formula, the 
following equation is obtained:

In Eq. 13, A1: the size of the wetted area caused by deep 
percolation at moment t of the irrigation application  (cm2) 
(Fig. 3). Zb = (bb − Dn). L: length of furrow (cm). Dn: net 
irrigation water requirement of the crop in any irrigation 
period (cm). bb: depth of water infiltrating the soil at the 
head of the furrow during the period Tb from the begin-
ning of the irrigation (cm). bs: depth of water infiltrating 
the soil at the end of the furrow during the infiltration 
period Ts (cm).

As the infiltration period at the end of the furrow is 
smaller than the net infiltration period (Ts < Tn), the depth 
of water infiltrating the soil in this part of the furrow is 
less than the net irrigation water requirement of the crop 
(bs < Dn). In other words, there is a dry area which has not 
yet been irrigated in the soil profile at the end of the fur-
row (Fig. 3). The size of the area (A2) remaining dry in the 
soil profile at moment t of the irrigation can be formulated 
as shown below. Area A2 is the right-angled triangle whose 
the corner points are bs, Dn and K, as seen in Fig. 3:
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(
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The equation given below is obtained when the value 
of Xk is inserted in the formula above for moment t of the 
irrigation.

The formula of A2 above can be arranged as shown below 
by Eqs. 11 and 14.

In Eq. 16, A2: the size of the dry area which has not yet 
been irrigated in the soil profile at moment t of the irrigation 
application  (cm2) (Fig. 3); Zb = (bb − Dn) and Zs = (Dn − bs), 
L: length of furrow (cm); bb: depth of water infiltrating the 
soil at the head of the furrow during the period Tb from the 
beginning of the irrigation (cm); bs: depth of water infiltrat-
ing the soil at the end of the furrow during the infiltration 
period Ts (cm); Dn: net irrigation water requirement of the 
crop in any irrigation period (cm).

The first of the two indices which are very important in 
this stage of the irrigation is that as the elapsed time from 
the beginning of the irrigation (Tb) increases, the size of 
the area A1 also increases, and at the same time the area A2 
decreases. The size of the area A2 takes the value zero when 
the infiltration period at the end of the furrow is equal to the 
net infiltration period (Ts = Tn), and because in this, no dry 
area without irrigation will remain in the soil profile in the 
furrow. The second index is that as the length of the elapsed 
time (Tb) from the beginning of the irrigation increases, the 
value of abscissa Xk also increases. Also, when the infil-
tration period at the end of the furrow is equal to the net 
infiltration period (Ts = Tn), the value of Xk will be equal to 
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Zs
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.

A2 =
Zs

2

(

L −
L
(

Dn − bb
)

(

bs − bb
)

)

⇒ A2 =
ZsL

2

(

1 −

(

Dn − bb
)

(

bs − bb
)

)

A2 =
ZsL

2

(

1 −
−
(

bb − Dn

)

−
(

bb − bs
)

)

⇒ A2 =
ZsL

2
(1 −

(bb − Dn)

(bb − bs)
)

(11)Zb =
(

bb − Dn

)
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2
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Zb

(

bb − bs
)

)

bb − bs = Zb + Zs

(16)A2 =
ZsL

2

(

1 −
Zb

Zb + Zs

)

the length of the furrow L. In other words, when Dn mm of 
water infiltrates the soil at the end of the furrow, the value 
of Xk must be equal to the length of the furrow (L) because 
the desired amount of water (Dn) will have been delivered 
to the end of the furrow in this condition. These two main 
indices constitute the references in verifying the validity of 
the devised model.

In addition, Christiansen’s uniformity coefficient (CU) is 
used to evaluate the irrigation water distribution uniform-
ity in the soil along the furrow length (Wu et al. 2017) as 
follows:

where Xi = amount of water which infiltrated the soil at the 
head and end of the furrow during the elapsed time from the 
beginning of the irrigation (mm).

Xm = average depth of water which infiltrated the soil dur-
ing the elapsed time from the beginning of the irrigation 
(mm).

Christiansen’s uniformity coefficient is calculated in 
accordance with the amount of water which infiltrates the 
soil at the head and end of the furrow during the elapsed 
time from the beginning of the irrigation and is given for the 
sample application in the paper and in the Supplementary 
Materials.

Sample application for the blocked end 
furrow irrigation system

The proposed model was run for the sample application of 
the blocked end furrow system, which was published previ-
ously by Yıldırım (2013). Water conveyance and distribution 
were performed by open canal system. The plot where the 
blocked end furrow system was designed was in the shape 
of a rectangle without slope and was (250 × 350) m in size. 
Also, the blocked end furrow had no slope in the irriga-
tion direction, and the water advanced along the furrow by 
means of the hydraulic slope. The water source discharge 
was Q = 80 L  s−1, and the maximum inflow to each furrow 
was qmax = 1.4 L  s−1. The crop was maize, and the distance 
between rows was 70 cm. The net irrigation water require-
ment of the crop was 84.2 mm, and irrigation could be per-
formed 24 h a day. The infiltration test for the furrow was 
carried out according to the inflow–outflow method. It was 
determined that the soil type was in the If 0.40 infiltration 
group according to the USDA-SCS criteria (Yıldırım 2013; 
USDA SCS 2012).

(17)CU =
(

1 −
(

∑

|

|

X
i
− X

m
|

|

)/

∑

X
i

)

× 100,
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Solution process for the sample application 
by the USDA SCS method

The blocked end furrow system design was carried out in 
line with these data as explained by Yıldırım (2013) as 
follows;

The soil where the blocked end furrow system was 
designed was in the If 0.40 infiltration group according to 
the USDA-SCS criteria. The values of the coefficients for 
this group were a = 1.064, b = 0.736, c = 7.0, f = 7.79 and 
g = 2.23 ×  10–4.

In this way, the infiltration equation was represented 
by the formula D = aTb + c (USDA SCS 2012; Yıldırım 
2013). When the coefficients were inserted in the equation, 
D=1.064T0.736 + 7 was obtained.

Distance between furrows
Distance between rows for the maize was 70 cm. As this 

value was greater than 50 cm, one furrow was prepared for 
each crop row, and the distance between furrows was taken 
to be w = 0.70 m.

3. The maximum number of furrow sets across the 
width of the plot

The system discharge and the maximum inflow to the 
furrows were Q = 80 L  s−1 and qmax = 1.4 L  s−1, respec-
tively. In these conditions, the minimum number of fur-
rows in a furrow set was

nmin =
Q

qmax

=
80

1.4
= 57

Under these conditions, the minimum width of one fur-
row set was

The maximum number of furrow sets which can be 
placed across the width of the plot was

Suitable furrow length and inflow to the furrow
Four alternative solutions were obtained by Yıldırım (2013) in 

designing this blocked end furrow system, as follows:

Alternative I

The results for the alternative solution I are given in Table 1.
According to these results, as the values were Ti = 154

9 min > 0.60 × Tn = 221 min, a furrow length of L = 350 m 
was not suitable.

In this way, six sets of furrows were placed across the 
width of the plot, and the solution process was carried out 
again for a furrow length of L = 175 m (= 350/2) and an 
inflow to the furrow of q = 1.33 L  s−1. The results obtained 
are as follows:

As the values were Ti = 78 min < 0.60 × Tn = 254 min, a 
furrow length of L = 175 m was suitable.

The data for the four alternative solutions are given in 
Table 2 (Yıldırım 2013).

In these solutions, a furrow length of L = 175 m was 
found to be suitable according to alternatives I, II and III. 

bmin = wnmin = 0.70 × 57 = 40m

Nmax =
250

40
= 6

Table 1  The results for the 
alternative solution I

Components of the furrow system Results for 
alternative I

Components of the furrow system Results for 
alterna-
tive I

Number of furrow sets in the width of 
the plot (Nmax)

6 Wetted perimeter (P) (m) 0.66

Inflow to the furrow (q) (L  s−1) 1.33 Net infiltration period (Tn) (min) 368
Length of furrow (L) (m) 350 Water advance period (Ti) (min) 1549
Average hydraulic slope (S0) (m  m−1) 0.00028

Table 2  The data for the four alternative solutions

Alternatives I II III IV

Number of furrow sets in the width of the plot 6 5 4 3
Length of furrow (L) (m) 175 175 175 175
Inflow to the furrow (q) (L  s−1) 1.33 1.13 0.90 0.67
Water advance period (Ti) (min) 78 102 163 362
Net infiltration period (Tn) (min) 423 445 481 521
0.60 × Tn 254 267 289 313
Comparison of the Ti and 0.60 × Tn Ti < 0.60 × Tn Ti < 0.60 × Tn Ti < 0.60 × Tn Ti > 0.60 × Tn
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However, in alternative IV, as the values were Ti = 362 mi
n > 0.60 × Tn = 313 min, a furrow length of L = 175 m was 
found not to be suitable. As the lowest flow rate of the fur-
row was found in alternative III, this choice was taken into 
consideration in planning the system.

Solution process for alternative III

The solution process was carried out for four sets of fur-
rows, placed across the width of the plot, length of furrow 
L = 175 m and the inflow to the furrow q = 0.90 L  s−1. The 
calculations for alternative III are given below (Yıldırım 
2013).

– The maximum number of furrow sets which could be 
placed across the width of the plot:

The system discharge and the inflow to the furrow were 
Q = 80 L  s−1 and q = 0.90 L  s−1, respectively. The results for 
the alternative solution III are given in Table 3.

The same problem was also solved by the method which 
was newly devised in this investigation. Features of flow 
occurring in the blocked end furrow system and movement 
of water in soil were described by separating them into 
stages, and results were obtained.

Application of the new method for the design 
of the furrow irrigation system

Movement equations of water both on the soil surface and 
in the soil profile, time-dependent function of the wetted 
area pattern, relative velocities of the components of the fur-
row irrigation system and deep percolation equations, which 
were devised in this investigation, were applied to the solu-
tion of the furrow irrigation problem published previously 
by Yıldırım (2013). The model was run for alternative III, 
the components of which were four sets of furrows, placed 
across the width of the plot and the inflow to the furrow 
q = 0.90 L  s−1. The length of the furrow was determined 
according to the new method.

As stated previously, the equation of the net infiltration 
period for the blocked end furrow system is as given below 
(USDA SCS 2012; Yıldırım 2013).

When this equation is rearranged, it takes the following 
form:

When the values of the coefficients are written in the 
equation above, the amount of water infiltrating the soil in 
any particular zone of the furrow at any moment T of the 
irrigation can be found as depth of water (d) by means of 
the following formula (USDA SCS 2012; Yıldırım 2013):

In Eq. 19, d: the amount of water infiltrating the soil at 
any moment T of the irrigation (mm); T: any time point 
from the beginning of the irrigation application (min); w: 
distance between two furrows (m); P: wetted perimeter 
of the furrow (m); a, b, c: coefficients for the soil type 
according to the USDA-SCS infiltration groups.

Also, the infiltration velocity in a particular zone of the 
furrow at any moment T of the irrigation was found by the 
derivative of Eq. 19 according to time. When this process 
was carried out, the following formula was obtained:

In Eq. 20, the variable I represents the infiltration veloc-
ity (mm  min−1). The units of the other variables in this 
equation are the same as the ones in Eq. 19.

(18)Tn =

(

dn
w

P
− c

a

)1∕b

dn =
(

aTb
n
+ c

)P

w
.

(19)d =
(

aTb + c
)P

w
.

d =
(

1.064 × T0.736 + 7.0
)0.55

0.70

(20)I =
(

P

w

)

abT
b−1.

Table 3  The results for the alternative solution III

Components of the furrow system Results for alterna-
tive III

Components of the furrow system Results for 
alternative 
III

Number of furrow sets in the width of the plot 
(Nmax)

4 Water advance period (Ti) (min) 163

Inflow to the furrow (q) (L  s−1) 0.90 Average infiltration period (T0) (min) 527
Length of furrow (L) (m) 175 Length of irrigation time (Ta) (min) 204
Average hydraulic slope (S0) (m  m−1) 0.00048 Total amount of water to be applied (dt) (mm) 89.9
Wetted perimeter (P) (m) 0.55 Amount of deep percolation (ds) (mm) 5.7
Net infiltration period (Tn) (min) 481 Water application efficiency  (Ea) (%) 93.7
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In Eq. 20, the infiltration velocity in a particular zone 
of the furrow was found in mm  min−1 at any moment T of 
the irrigation. The variables of ib and is in the new model 
are calculated in accordance with the formula below. 
When the values of the coefficients were inserted into the 
equation of the infiltration velocity, the formula took the 
following form: I =

(

0.55

0.70

)

× 1.064 × 0.736 × T (0.736−1)

The infiltration velocity was determined as a consecu-
tive calculation series for each 20-min period in the model 
solution.

Model results

The velocity and acceleration values of the main variables 
of the furrow irrigation system were determined, and their 
variations in spatio-temporal dimensions were investigated.

Time-dependent variations of the velocity of the infiltra-
tion at the head of the furrow and rate of change of the cross-
sectional area of the infiltration profile are shown in Fig. 4.

Water both moved horizontally in the flow direction and 
infiltrated the soil profile in the furrow during the period 
from the beginning of the irrigation to the 163rd minute. 
This movement of water in two directions occurs simulta-
neously. Water reached the end of the furrow in the 163rd 
minute. This length of time represents the water advance 
period (Ti) in the furrow.

The infiltration velocity has a smaller value at a given time 
point from the beginning of the irrigation in the parts of the 
furrow which have been in contact with the water for a longer 
time, but greater when the contact time is shorter (Fig. 5). For 
instance, as seen in Fig. 5, at time point t4, infiltration velocity 
at point E is the highest, and infiltration velocities at points D, 
C, B and A follow it, respectively, from higher to lower values. 
As water covered the soil for a longer period at the head of the 
furrow, the pores contain more water than the ones at the middle 
and end parts of the furrow. Therefore, the infiltration velocity 

at the head of the furrow showed a decreasing trend according 
to time (Fig. 4). Apart from this, the depth of water infiltrating 
the soil profile at the head of the furrow is also greater than 
that in the middle and end parts of the furrow (Fig. 5). In addi-
tion, water moves from the head of the furrow where soil pores 
contain more water to the middle and end parts of the furrow 
where the pores contain less water. Because of this, the infiltra-
tion velocity at the head of the furrow is lower than the infiltra-
tion velocities of the middle and end parts of the furrow in the 
same period of time (Fig. 5).

In this process, horizontal movement of water on the soil 
surface is speedier than the movement by infiltration in the 
soil profile. Apart from this, as seen in Fig. 4, the decrease 

Fig. 4  Time-dependent varia-
tions of the infiltration velocity 
at the head of the furrow and 
rate of change of the cross 
sectional area of the infiltration 
pattern
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in infiltration velocity depending on time at the head of the 
furrow also affects the horizontal movement of water on the 
soil surface.

The size of the wetted area in the soil profile also 
increased depending on the advance of water on the soil 
surface. As seen in Fig. 4, the wetted area in the soil pro-
file showed an increase which slowed over time. However, 
the decrease in increment rate of the size of the wetted area 
was smaller than the decrease in infiltration velocity. The 
reason was that water moves from the zones in which pores 
contain more water to the zones in which pores contain 
relatively little water. This can be seen in detail in Fig. 6, 
which shows the variation of acceleration of the size of 
the wetted area.

Rate of change and acceleration of increase of the size of 
the wetted area in the soil profile are shown in Fig. 6.

As seen in Fig. 6, the size of the wetted area in the soil 
profile showed an increase which slowed over time. In other 
words, the wetted area was getting bigger at a decreasing 
rate. The most important reason was that infiltration velocity 
decreases depending on time. As water was infiltrating the 
soil at a decreasing rate, the rate of increase in the size of the 
wetted area also decreased. As seen in Fig. 6, a decreasing 
trend of acceleration of the wetted area indicated that the 
rate of increase of the size of the wetted area was decreas-
ing. The results obtained from the devised model showed a 
similar trend to the movement of water in the soil.

In the next stage of the irrigation, deep percolation began 
from the head of the furrow to the end, depending on time 
(Fig. 3). When the net irrigation water requirement of the 
crop was met at the head of the furrow, the dry area in the 
soil profile was irrigated at the middle and end parts of the 
furrow. The temporal variation of the value of the abscissa 

Fig. 6  Rate of change and 
acceleration of increase in size 
of wetted area in soil profile
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of the intersection point K(Xk; Yk) given in Fig. 3 and average 
rate of change in the size of the wetted area caused by deep 
percolation are given in Fig. 7.

As seen in Fig. 3, the amount of water which infiltrated 
the soil at the head of the furrow was greater than the net 
irrigation water requirement of the crop, i.e. deep percola-
tion was occurring. On the other hand, the net irrigation 
water requirement of the crop had not yet been met at the 
middle and end parts of the furrow. In this process, deep 
percolation was increasing depending on time from the 
head of the furrow to the middle and end parts.

As seen in Fig. 3, while the size of the wetted area 
remaining on the left side of the intersection point K, and 
which was caused by deep percolation, was showing an 
increment in time, the dry area on the right side of the 
point K was decreasing.

As seen in Fig. 7, the average rate of change in the 
size of the wetted area from deep percolation increased 
gradually from 27.92 to 1542.53  cm2   h−1 between the 
500th and 644th minutes. At this stage of the irrigation, 
the average rate of change in the size of the wetted area 
caused by deep percolation was 27.92  cm2  h−1 in the 500th 
minute of the irrigation application. The reason for this 
was that the amount of water which infiltrated the soil at 
the head of the furrow in the 481th minute of the irriga-
tion was equal to 84.2 mm, which was the net irrigation 
water requirement of the crop, i.e. the net irrigation water 
requirement of the crop was met at the head of the furrow 
in the 481st minute of the irrigation. On the other hand, 
this amount of water had not yet infiltrated the soil at the 
middle and end parts of the furrow. Because of this, while 
deep percolation was occurring at the head of the fur-
row in this period, infiltration was also continuing in the 
middle and end parts of the furrow in order to meet the 
net irrigation water requirement of the crop. In this pro-
cess, deep percolation was also occurring at the head of 
the furrow during the period of 19 min between the 481st 
and 500th minutes of the irrigation application. Therefore, 
the average rate of change in size of the wetted area from 
deep percolation took the value of 27.92  cm2  h−1 in the 
500th minute of the irrigation (Fig. 7). At the same time, 
the horizontal distance (the abscissa value of intersection 
point K) where deep percolation occurred along the length 
of furrow also showed an increment depending on time, 
and at the end of this process this distance reached the 
value of 171.02 m along the furrow in the (163 + 481 =) 
644th minute of the irrigation (Fig. 7). According to the 
model solution, the value of 171.02 m (the abscissa value 
of intersection point K) was found to be 2.27% shorter than 
the length of the furrow (175.00 m) determined according 
to the USDA SCS method given by Yıldırım (2013). The 
amount of water which infiltrated the soil at that moment 

was 84.2 mm, which was the net irrigation water require-
ment of the crop for this irrigation period.

The results above were found by means of the calcula-
tion process given below. Water infiltrated the soil at the 
head of the furrow during a period of 163 + 481 = 644 min 
from the beginning of the irrigation. The amount of water 
infiltrating the soil at the head of the furrow was determined 
by the Eq. 19.

When the values of the coefficients were written in the 
Eq. 19 and the solution was found for T = 644 min, the 
amount of water which infiltrated the soil at the head of the 
furrow (bb) was obtained as 103.1 mm.

At the end of the furrow, water infiltrated the soil dur-
ing the net infiltration period (Tn) of 481 min. During this 
period, the amount of water infiltrating the soil at the end of 
the furrow must be equal to the net irrigation water require-
ment of the crop (84.2 mm). Also, when the calculation 
process was carried out using the infiltration equation given 
above (Eq. 19) for T = 481 min, the amount of water which 
infiltrated the soil at the end of the furrow (bs) was obtained 
as 84.2 mm.

Therefore, no dry area which had not yet been irrigated 
remained in the soil profile at the end of the furrow. Thus, 
the size of the A2 area calculated by Eq. 16 took the value 
of zero.

According to the model solution, the length of the furrow 
(the abscissa value of intersection point K) was determined 
as 171.02 m, where 84.2 mm of water (the net irrigation 
water requirement of the crop) infiltrated the soil at the end 
of the furrow (Figs. 7, 8). Also, the net infiltration period 
(Tn) was 481 min, and the water advance period (Ti) was 
163 min. Therefore, the size of the dry area (A2) which had 
not yet been irrigated took the value zero. When the model 
was run according to these data, an analysis could be made 
of how close the value of A2 was to zero.

In order to evaluate the results in more detail, the value 
of bs = 84.2 mm, which was determined above, was taken 
as bs = 84.19 mm in the equation of A2 (Eq. 16). Other-
wise, if the values were taken as bs = Dn = 84.2 mm for the 
end of the furrow, the value of Zs (Eq. 14) would be equal 
to zero (Zs = Dn − bs = 0), and also the solution of Eq. 16 
would be found to be zero. Because of this, the value of 
L = 171.02 m (the abscissa value of intersection point K) 
which was obtained from the model solution could not be 
analyzed in this state. This was the reason why the value of 
bs was taken as 84.19 mm in Eq. 16. The proposed model is 
verified by running the Eq. 16. The data and the results are 
given in Table 4.

As the value of the size of the A2 area was very close to 
zero, it is possible to reach the conclusion that no dry unir-
rigated area remained in the soil profile at the end of the 
furrow.
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In this process, an increment in both the horizontal dis-
tance where deep percolation occurred and the average rate 
of change in size of the wetted area from deep percolation 
showed that the devised model gave results suitable to the 
movement of water in soil.

Time-dependent variation of both the average rate of 
change in size of the dry area which had not yet been irri-
gated in the soil profile and the abscissa values of the inter-
section point K are given in Fig. 8.

This process continued until the net irrigation water 
requirement of the crop was met at the end of the furrow. 
Deep percolation occurred at the head of the furrow over a 
period of 19 min in the 500th minute of the irrigation. At 
this moment, the average rate of change in the size of the 
dry area which has not yet been irrigated in the soil profile 
was 1682.71  cm2  h−1. As seen in Fig. 8, this value decreased 
gradually until the 644th minute of the irrigation, when it 
took the value of 0.0  cm2  h−1. As a result, the average rate 
of change in size of the dry area which had not yet been 
irrigated decreased gradually from the 500th minute of the 
irrigation to the 644th minute. Also, irrigation was com-
pleted when 84.2 mm net irrigation water requirement had 

infiltrated the soil at the end of the furrow. These results 
from the model solution described suitably the movement 
of water in the soil profile in spatio-temporal dimensions.

In this stage, the gradual increment in the average rate of 
change in the wetted area caused by deep percolation in the 
soil profile and at the same time the gradual decrease in the 
average rate of change in the dry area which had yet not been 
irrigated are given as a graph in Fig. 9.

In this process, as the amount of deep percolation at the 
head of the furrow increased towards the middle and end 
parts of the furrow, the size of the dry area which had not 
yet been irrigated in the soil profile decreased depending 
on time, and took the value of zero at the end of the fur-
row. As seen in Fig. 3, the three variables which showed a 
simultaneous variation in the soil profile depending on the 
movement of water—average rates of change in the wetted 
area by deep percolation and the dry area which had not yet 
been irrigated in the soil profile, and the length of the furrow 
which was being reached by the movement of water in the 
soil—showed a trend which accorded with the results from 
the model solution.

In addition, the water distribution uniformity (CU) along 
the furrow was determined by Christiansen’s uniformity 
coefficient.

X1 = bb = 103.1 mm.
X2 = bs = 84.2 mm.
Xm = 93.65 mm.
CU = 89.9% ≌ 90%
Water distribution uniformity of 90% is classified in the 

“good” category (Piazentin et al. 2019). Minimization of 
deep percolation in the proposed model also minimizes the 
difference between the amounts of water which infiltrate the 

Fig. 8  Time-dependent varia-
tion of both the average rate of 
change in size of the dry area 
which has yet not been irrigated 
in the soil profile and abscissa 
values of the intersection point 
K.
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Table 4  Verification of the model results

Components 
of the wetting 
pattern

Values of the 
components

Components of 
the wetting pat-
tern

Values of the 
components

bb (cm) 10.31 Zb = bb − Dn (cm) 1.89
bs (cm) 8.419 Zs = Dn − bs (cm) 0.001
Dn (cm) 8.42 Zb + ZS (cm) 1.891
L (cm) 17,102 A2  (cm2) 0.0045
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soil at the head and end of the furrow. This enables the water 
distribution uniformity along the furrow to take high values.

Verification of the model results according 
to the USDA SCS method

The model results for the given crop and soil conditions 
indicated that the optimum length of furrow is L = 171.02 m, 
when the inflow to the furrow is q = 0.90 L  s−1, the net irri-
gation water requirement of the crop is 84.2 mm, and the 
number of furrow sets across the width of the plot is four. 
This length of furrow was found to be 2.27% shorter than 
the furrow length of 175 m given in the solution of Yıldırım 
(2013). The calculation process for the comparative check-
ing and verification of the new model results was carried 
out in accordance with the USDA SCS method given in the 
Sect. 3.1 Solution Process for the Sample Application.

1) The soil type was in the  If 0.40 infiltration group accord-
ing to the USDA-SCS criteria. The values of the coef-

ficients for this group were a = 1.064, b = 0.736, c = 7.0, 
f = 7.79 and g = 2.23 ×  10–4.

 Thus ,  t he  in f i l t ra t ion  equa t ion  was 
D = 1.064T0.736+7.

2) Distance between furrows was w = 0.70 m.
3) The maximum number of furrow sets which could be 

placed across the width of the plot.

The system discharge and the inflow to the furrow were 
Q = 80 L  s−1 and q = 0.90 L  s−1, respectively. Results of 
the verification process of the proposed model according 
to the USDA SCS method are given in Table 5.

The model results indicated that the most suitable 
length of furrow was L = 171.02 m for the 84.2 mm net 
irrigation water requirement of the crop and the q = 0.90 L 
 s−1 flow rate of furrows for the given crop and soil condi-
tions. Under these conditions, while the water application 
efficiency was found to be 93.7% for the 175-m length 
of furrow according to the USDA SCS method (Yıldırım 

Fig. 9  Graphical view of the 
gradual increment of the aver-
age rate of change in the wetted 
area caused by deep percolation 
in the soil profile, and at the 
same time the gradual decrease 
in the average rate of change in 
the dry area which has not yet 
been irrigated
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Table 5  Verification of the model results according to the USDA SCS method

Components of the furrow system Values of the compo-
nents

Components of the furrow system Values of the 
components

Number of furrow sets in the width of the plot 
(Nmax)

4 Water advance period (Ti) (min) 148.25

Inflow to the furrow (q) (L  s−1) 0.90 Average infiltration period (T0) (min) 520.97
Length of furrow (L) (m) 171.02 Length of irrigation time (Ta) (min) 198.06
Average hydraulic slope (S0) (m  m−1) 0.000494 Total amount of water to be applied (dt) (mm) 89.3
Wetted perimeter (P) (m) 0.552 Amount of deep percolation (ds) (mm) 5.1
Net infiltration period (Tn) (min) 478.03 Water application efficiency (Ea) (%) 94.29
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2013), the water application efficiency increased to 94.29% 
for a 171.02 m furrow length according to the method 
devised in this investigation.

As a result, a high rate of water application efficiency 
was reached by suitable planning in the blocked end fur-
row system. If the topographic conditions are suitable for 
land levelling the blocked end furrow system has prefer-
able features.

Discussion

Kermani et al. (2019) carried out an investigation for the 
estimation of water advance distance for a specific inflow 
in the furrow irrigation method. Thus, they tried to predict 
the volume of water which infiltrated the soil, and thereby 
it was aimed to prevent water loss and to increase water 
application efficiency. The Adaptive Neuro Fuzzy Infer-
ence System (ANFIS) data-driven method gave the best 
result. In this process, only the water advance distance 
was estimated. In the present investigation, simultaneous 
movement properties of water both on the soil surface 
and in the soil profile are described mathematically. The 
equations obtained are described as the functions of time. 
Thus, the most suitable combination was provided of all 
the parameters and the variables which affect the optimum 
design of the system. These procedures were carried out 
based on the analytical solution method, not by the trial 
and error approach, a numerical solution or the data-driven 
methods. The results provided the optimum cut-off time 
and furrow length, minimum deep percolation, maximum 
water application efficiency (94.29% and 94.18%) and 
a high level of water distribution uniformity (90% and 
91.3%). These results indicate that the proposed method 
can be used in the design of a blocked end furrow system.

Nie et al. (2018) revealed that the water advance in the 
blocked end furrow and the water application performance 
indicators were not sensitive to the variations in the Man-
ning’s roughness coefficient. These results are similar to the 
results of Smith et al. (2018), Salahou et al. (2018) and Nie 
et al. (2014). The Manning’s roughness coefficient showed 
a variation between the values of 0.038 and 0.186 for a field 
of maize (Nie et al. 2018). The inflow rate in the blocked end 
furrow was determined using Manning’s roughness coef-
ficient and the field average infiltration parameters. Apart 
from this, the optimal inflow rate was determined using dif-
ferent combinations of the various furrow lengths and bot-
tom slope values. The inflow rates which were determined 
by the two different approaches were consistent with each 
other. In the proposed method, optimum solutions can be 
obtained for each desired inflow under existing irrigation 
condition. The optimum result is obtained from the proposed 
model by taking into consideration simultaneously all the 

parameters and the variables which affect the design of a fur-
row system and running them interactively within the model 
solution procedure. Thus, the optimum furrow length and 
the cut-off time are obtained which minimize deep percola-
tion, maximize the water application efficiency (94.29% and 
94.18%), and provide maximum level of water distribution 
uniformity (90% and 91.3%) in the soil profile. These results 
indicate that the model proposed can be used in the design 
of a blocked end furrow system.

Mazarei et al. (2021) investigated the temporal variability 
of the infiltration and the Manning’s roughness coefficient. 
In addition, they studied the effects of different inflow rates 
on furrow irrigation performance. It was determined that 
when the inflow rates were increased from 1.0 to 1.5 and 2 
L  s−1, the average values of water application efficiency were 
reduced at rates of 3.43% and 24.55% respectively. These 
results are compatible with the results of Xu et al. (2019) and 
Mazarei et al. (2020). Deep percolation decreased by 27.34% 
and 34.17% when the inflow rate was increased from 1.0 to 
1.5 and 2.0 L  s−1. An inverse relation occurred between the 
inflow and the deep percolation. Water distribution uniform-
ity in the soil profile increased by 9.7% and 9.3% for the 
same increment in inflow rate as was stated above. Sayari 
et al. (2017), Nie et al. (2019) and Mazarei et al. (2020) 
reported similar results. In addition, it was indicated that 
the cut-off time and volume of water which infiltrated the 
soil were significantly affected by the temporal variation of 
infiltration parameters and the roughness coefficient. Apart 
from this, results showed that an increment in inflow rate 
increased the cumulative rate of infiltration. These results 
indicate how the temporal variation of different parameters 
which have an effect on the design of furrow irrigation sys-
tems affect the infiltration rate, the water application effi-
ciency, the water distribution uniformity and the deep per-
colation. All of these results were determined by the trial 
and error approach during the irrigation applications. The 
present investigation aims at an optimum combination of 
all the parameters and variables which affect the design of a 
furrow irrigation system. This process was carried out by the 
analytical solution method, not the trial and error approach. 
Thus, the optimum cut-off time and the furrow length were 
obtained, which minimize deep percolation, maximize the 
cross sectional area of the wetting pattern in the root zone 
where the net irrigation water requirement of the crop is 
met completely, and provide a high level of water applica-
tion efficiency (94.29% and 94.18%) and water distribution 
uniformity (90% and 91.3%) in the soil profile. These results 
indicate that the proposed model can be used in the design 
of a blocked end furrow system.

Dialameh et al. (2018) determined that when the water 
head was increased from 5 to 10 cm in a conventional furrow 
irrigation (CFI), the amount of average cumulative infiltra-
tion increased by 92% and 102%, respectively, for 4- and 
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9-day irrigation intervals. Similarly, the increment in the 
water head in alternate furrow irrigation (AFI) increased 
the mean cumulative infiltration at a rate of 96% and 106%, 
respectively, for the same irrigation conditions given above. 
In this process, the increment in the wetted perimeter of 
the furrow caused an increase in the cumulative infiltration. 
These results are consistent with the results of Vogel and 
Hopmans (1992) and Abbasi et al. (2003). However, only an 
increase in cumulative infiltration is not adequate to obtain a 
high level of water application efficiency and water distribu-
tion uniformity in furrow irrigation. In the present investiga-
tion, increasing the wetted perimeter (P) in Eq. 19 increases 
the amount of infiltration (d). In addition, in the method 
proposed, maximization of the cross-sectional area of the 
wetting pattern where the net irrigation water requirement 
of the crop was met completely in the root zone and mini-
mization of deep percolation are taken into consideration 
simultaneously. Therefore, a provision was made to deter-
mine the optimum length of the furrow and the cut-off time 
which provided a high level of water application efficiency 
(94.29% and 94.18%) and a high rate of water distribution 
uniformity (90% and 91.3%). These results indicate that the 
model proposed can be used in the design of a blocked end 
furrow system.

Saberi et  al. (2020) determined the percentage of 
increase or decrease of the average design parameters of 
a furrow system in which the water requirement (stor-
age) efficiency increased from 14.2 to 76.7%, and water 
application efficiency increased from 13.8 to 44.9% when 
the inflow rate was increased from 0 to 5.4%, the furrow 
length was increased from 23.2 to 66.9%, and the cut-off 
time was increased from 18.8 to 112%, respectively. Sim-
ilarly, Ghahraman-Nezhad et al. (2016) determined that 
increasing the inflow rate and the cut-off time increased 
the water application efficiency in open ended furrows. 
Apart from this, it was indicated that increasing the inflow 
rate and decreasing the cut-off time caused a reduction in 
deep percolation. Navabian and Moslemi-Koochesfahani 
(2012) determined that increasing the inflow rate and the 
cut-off time increased the water requirement (storage) 
efficiency. In contrast, Yazdi et al. (2008) reported that 
reducing the inflow rate and increasing the furrow length 
improved water application efficiency and deep perco-
lation. The reason for these results may be the different 
irrigation conditions. When the furrow length and inflow 
rate were reduced under constant cut-off time, the amount 
of water losses was reduced, and thereby the water appli-
cation efficiency increased. These investigations achieve 
optimum design of the furrow system by the trial and error 
method. An investigation is made of the interaction with 
each other of the parameters which affect the design of 
a furrow system. Thus, the length of furrow, the inflow 
rate and the cut-off time are determined, providing the 

minimum deep percolation and the maximum water appli-
cation efficiency. These components show different inter-
actions under various irrigation conditions. In the present 
investigation, the parameters which affect the design of the 
furrow system are taken into consideration simultaneously. 
Therefore, the design process of the furrow system is car-
ried out providing the optimum interaction between all 
the parameters. In conclusion, the optimum furrow length 
and the cut-off time which minimize deep percolation and 
provide maximum water application efficiency (94.29% 
and 94.18%) and water distribution uniformity (90% and 
91.3%) are determined. This process is carried out by the 
analytical solution method, not by the trial and error tech-
nique. These results indicate that the method proposed in 
this investigation can be used in the design of a blocked 
end furrow system.

Mazarei et al. (2020) carried out an investigation to opti-
mize the performance of the blocked end furrow irrigation 
method for inflow rates of 1.0, 1.5 and 2 L  s−1 using the 
WinSRFR model. The objective function of the model is the 
optimization of performance by taking into consideration the 
application efficiency, water distribution uniformity and deep 
percolation. The highest performance was obtained by pro-
viding a 35.99% increment in the value of the objective func-
tion for a 250-m furrow length and 1.0 L  s−1 inflow. When 
the length of the furrow was reduced from 250 to 200 m, 
a 39.8% increment occurred in the value of the objective 
function. In contrast, when the furrow length was changed 
to 300 m, the value of the objective function decreased by 
7.7%. In addition, when the slope was changed from 0.04 
to 0.03%, the value of the objective function decreased by 
0.9%. When the slope was increased to 0.05%, the value of 
the objective function increased by 1.0%. The results of this 
investigation are generally similar to the results of Morris 
et al. (2015), Anwar et al. (2016), Akbar et al. (2016) and 
Nie et al. (2019). These results indicated that a reasonable 
combination of inflow rate and cut-off time increased the 
water application efficiency to 75–90%. In addition, Xu et al. 
(2019) reported that the value of water application efficiency 
was reduced by increasing the furrow length. Similar results 
were reported by Bai et al. (2010) and Chen et al. (2012). 
In the present investigation, such parameters and variables 
as horizontal movement properties of water, infiltration of 
water to the soil profile, inflow rate, net irrigation water 
requirement, cut-off time, furrow length, water application 
efficiency, moisture distribution uniformity in the soil pro-
file, maximization of the cross-sectional area of the wetting 
pattern where the net irrigation water requirement of the crop 
is met completely in the root zone, the net infiltration period, 
and the amount of deep percolation, all of which affect the 
optimum design of the furrow system, are simultaneously 
and interactively taken into consideration in the proposed 
model solution procedure. Thus, the optimum cut-off time 
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and the furrow length which provide the maximum water 
application efficiency (94.29% and 94.18%) and the water 
distribution uniformity (90% and 91.3%), and which mini-
mize the deep percolation, are determined by the proposed 
model using the analytical solution method. These results 
indicate that the model proposed can be used in the design 
of a blocked end furrow system.

Conclusions

The results of the model devised in this investigation for 
level furrows with blocked end were compared with the 
results of the existing (USDA SCS) method. According to 
the new method, the length of the furrow was found to be 
171.02 m. This value is 2.27% different from the furrow 
length of 175.00 m which was obtained from the existing 
method. The water application efficiency was 93.7% for 
the furrow length of 175.00 m in the existing (conven-
tional) method and increased to 94.29% for the furrow 
length of 171.02 m in the solution of the new method. 
In addition, the water distribution uniformity (CU) was 
obtained as 90% for the proposed model, which is clas-
sified in the “good” category. Also, a high level of water 
application efficiency and the water distribution uniform-
ity were obtained from the solution of another application 
given in the Supplementary Materials.

Some important advantages of the proposed model 
can be stated as follows: the cross section of the wetting 
pattern, which occurs in the furrow at any moment of 
irrigation application, can be estimated by the proposed 
model because the components of the wetting pattern are 
described as functions of time. The second advantage is 
that the new model has enabled the optimum combination 
of the parameters which are effective in the design of the 
furrow system. Therefore, a high level of water applica-
tion efficiency and water distribution uniformity along the 
furrow can be obtained. Apart from this, in the proposed 
model, the cross-sectional area of the wetting pattern 
where the net irrigation water requirement of the crop was 
met along the furrow has been maximized. Therefore, high 
levels of water application efficiency have been obtained. 
Another advantage of the new model is that, as the differ-
ence between the amounts of water which infiltrated the 
soil at the head and end of the furrow during the water 
application period is low, a high level of water distribu-
tion uniformity was obtained along the furrow. This also 
provided a reduction in the amount of deep percolation.

Most importantly, the proposed model performed the cal-
culation procedure by an analytical solution technique with-
out any need for the trial and error approach or a numerical 
solution. Therefore, the design process of the furrow system 
was made easier by the use of simpler and fewer equations.

In conclusion, the mathematical description of the 
movement properties of water in soil made it possible to 
design the blocked end furrow system without slope. The 
results from the proposed model indicated that the equa-
tions devised in this investigation represented the move-
ment of water in the soil, and the results showed a compat-
ible trend with this process.

Meanings of the symbols used in this 
investigation

Note: In the new method, different variables must have uni-
form units in their own categories in the same equation. For 
instance, if the unit of the size of an area is  cm2, the unit of 
the length variable must also be in cm in the same equation. 
If the unit of time is hours, the rate of change of the size of 
the area in the same formula must be in  cm2  h−1, infiltration 
velocity must be in cm  h−1 and changing acceleration of size 
of the area must be in  cm2  h−2. By considering this feature, 
the calculation process can be carried out for the desired unit 
sets in the new method.

a, b, c: Coefficients for the soil type according to the 
USDA-SCS infiltration groups.

A1: The size of the wetted area caused by deep percolation 
at moment t of the irrigation application  (cm2).

A2: The size of the dry area which has not yet been irri-
gated in the soil profile at moment t of the irrigation appli-
cation  (cm2).

ADS: Size of the wetted area caused by deep percolation 
in soil profile  (cm2).

AT: Cross sectional area of the infiltration profile along 
the furrow during the period  Tb from the beginning of the 
irrigation  (cm2).

bb: Depth of water infiltrating the soil at the head of the 
furrow during the period Tb from the beginning of the irriga-
tion (mm). (This unit can be converted to cm in the calcula-
tion process of the new model.)

bmin: The minimum width of a furrow set (m).
bs: Depth of water infiltrating the soil at the end of the 

furrow during the infiltration period Ts (mm). (This unit can 
be converted to cm in the calculation process of the new 
model.)

D or d: The amount of water infiltrating the soil at any 
moment T of the irrigation (mm).

dn or Dn: Net irrigation water requirement of the crop in 
any irrigation period (mm). (This unit can be converted to 
cm in the calculation process of the new model.)

ds: Amount of deep percolation (mm).
dt: Total amount of irrigation water to be applied (mm).
f, g: Coefficients for the advance features of water in the 

furrow according to the USDA-SCS infiltration groups.
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I: Infiltration velocity (mm  min−1). (This unit can be 
converted to cm  h−1in the calculation process of the new 
model.)

ib: Infiltration velocity of water in the soil at the head of 
the furrow (mm  min−1). (This unit can be converted to cm/h 
in the calculation process of the new model.)

is: Infiltration velocity of water in the soil at the end of the 
furrow (mm  min−1). (This unit can be converted to cm  h−1 
in the calculation process of the new model.)

K: The (coordinates of the) intersection point of the slope-
less line showing the net irrigation water requirement of the 
crop (Dn), and the [bb bs] sloping line formed by water at the 
border of the wetted area pattern in the soil profile (Fig. 3).

L: Length of furrow (m). (This unit can be converted to 
cm in the calculation process of the new model.)

n: Manning roughness coefficient (n = 0.04 for furrow 
irrigation).

Nmax: The maximum number of furrow sets which can be 
placed across the width of the plot.

nmin: The minimum number of furrows in one furrow set.
P: Wetted perimeter of the furrow (m).
Q: Discharge of water source (system discharge) (L  s−1).
q: The inflow to the furrow (L  s−1).
qmax: The maximum inflow to the furrow (L  s−1).
S0: The average hydraulic slope (m  m−1).
T or t: Any time point from the beginning of the irrigation 

application (min).
T0: Average infiltration period (min).
Ta: Irrigation period (min).
Tb: Elapsed time from the beginning of the irrigation 

(min).
Ti: Water advance period. Length of time necessary for 

water to reach the end of the furrow (min).
Tn: Net infiltration period. Length of time for infiltration 

of the net irrigation water requirement of the crop (min).
Ts: Infiltration period at the end of the furrow (min). 

The value of this parameter is determined by the formula 
(Ts = Tb − Ti).

v: Average advance velocity of water on soil surface in a 
horizontal direction (cm  h−1).

VADS: Rate of change of the size of the wetted area caused 
by deep percolation in the soil profile  (cm2  h−1).

VAT: Rate of change of the size of the wetted area in the 
soil profile at any moment t of the irrigation  (cm2  h−1).

w: Distance between two furrows (m).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00271- 022- 00782-2.
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