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Abstract

Mathematical-computational optimisation models of irrigation networks with a distributed flow
that are capable of providing hydraulic data are important for understanding the behaviour of a
system in relation to the distribution of the hydraulic head (energy) and the pressure in the pipes
of the network. The objective of this study was to examine the distribution of the parameters of
hydraulic irrigation pipes, which were optimised using genetic algorithms. The degree of the op-
timisation was evaluated with the help of the genetic algorithms based on the diameters of stretch
of the network: two for the lateral lines, four for the derivation lines, four for the secondary lines
and one for the main line. A MatLab code was developed that considered all of the losses of energy,
both distributed losses and those at specific locations between the beginning of the network and
the pump system. The sensitivity analysis was based on the variations in the slope of the ground
(0%, 2.5% and 5%). The results show that for pipes with a distributed flow, the influence of the
behaviour of the Kkinetic energy in the pipe contributed to the distance between the energy lines
and the piezometric lines at the beginning of each stretch after the decrease in the diameter of the
pipes. At the end of the pipes, the values of the energy lines and the piezometric lines were very
similar, and they were essentially the same for the final emitter.

Keywords

Conduits under Pressure, Hydraulic Head, Micro-Sprinkler Irrigation, Mathematical Optimisation

1. Introduction

Localised irrigation is the application of small amounts of water, normally the volume that the plant will use for
a few days, with an application frequency greater than in conventional irrigation. These systems normally use
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small amounts of energy for pumping, pressure and flow. However, localised irrigation networks may display
significant variations in the drippers, which leads to a lack of uniformity of their implementation in the field.

In a study of the hydraulic performance of the lateral lines of drip tubes, [1] has stated that localised irrigation
allows for the best possible control over the irrigation water applied because it operates with reduced flows and
higher irrigation frequencies. In their field research on the hydraulic parameters of micro-sprinkler systems, [2]
has observed the solid functioning of the system, with high coefficients of uniformity, good efficiency of appli-
cation and little variation in the flow and pressure of the system, indicating excellent quality of the implementa-
tion of the irrigation system. [3] has observed that the hydraulic performance of a low-pressure irrigation system
that was designed and fit dimensionally using a computer program and installed in the field was considered sa-
tisfactory because it exhibited good efficiency and excellent hydraulic uniformity.

In a study of the optimisation of the network with different slopes, [4] has reported that the use of two diame-
ters in the derivation line improved the uniformity of the flow of the derivation line. In addition, [5] [6] have
performed optimisation studies and analyses on the dimensions of the irrigation networks by considering the
different options for the operation of the system as the basis for the decision-making process. These studies
showed excellent results for mathematical optimisation, which is an important decision-making tool in the com-
promise between the best system management and the required dimensions of the distribution network.

In a study using different indices to define the standard water use in irrigation systems, farmers cultivating
onions using a system with micro-sprinklers have increased their production, while using less water [7]. In addi-
tion, a study comparing two irrigation methods (dripping and sprinklers) for sunflower seeds plants in the Medi-
terranean has shown that the water volume is important for increased productivity and the yield of sunflower oil
[8].

The local head loss, which occurs when the flow is disrupted by an obstruction in the tube, is a relevant crite-
rion in the evaluation of lateral drip lines, especially when self-compensating drippers are used [9]. The high un-
iformity of the distribution of water allows for the optimisation of the use of water, energy and nutrients; to
guarantee this, appropriate hydraulic design is indispensible, requiring that the hydraulic characteristics of the
components are known [10].

Considering the optimisation objectives for the rehabilitation of a water supply network, the use of a standard
genetic algorithm improves both the convergence speed and the rationality and viability of the solutions for the
problems of mathematical programming [11].

[12] has conducted a study of the irrigation management in the Ceyhan River Basin in Turkey using dynamic
programming with successive approximations (DPSA). Given that the benefit may be defined as an ideal value
when considering the balance between irrigation water and energy production, it was observed in the above
study that when the irrigation demand was increased, the production of energy and the benefits of producing
energy decreased.

In a dam project based on the simulation of optimisation through a genetic algorithm, [13] has demonstrated a
significant cost reduction using a Non-linear Optimisation Formulation (NLOF).

This article presents a hydraulic study of a water distribution network for localised irrigation that was ob-
tained through optimised simulation using genetic algorithms, including the consideration of the variation in the
slope of the ground. Thus, we performed a numeric simulation with the optimised variables to analyse the beha-
viour of the hydraulic design elements throughout the pipes where there were derivations of the flow distributed
in the tubing.

2. Material and Methods

The distribution network for localised irrigation was installed in an area that included 68.4 useful hectares. Fig-
ure 1 presents the distribution and the dimensions of the hydraulic network.

The hydraulic network of the localised irrigation system studied in this work consisted of emitters (mi-
cro-sprinkles or drippers), lateral lines (in which the emitters were located), derivation lines (which distributed
water to the lateral lines), secondary lines (which distributed water to the derivation lines), the main line or the
adductor line (which distributed water to the secondary lines), suction tubing, valves, registers, filters (sand and
disc) and the control panel.

Table 1 presents in detail the different stretches of piping used in this study, their lengths, whether the ground
was even or upward or downward sloping (based on the direction of the flow of water), the material used in the
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Figure 1. The design of the micro-sprinkler network with the respective lengths of pipe used.
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Table 1. Details of the adopted irrigation network.

Stretch of the Network Position of the Tubing Material Length Internal Diameter mm
Lateral Line Level Polyethylene 96.25 21.7,17.8
Derivation Line Decline PVC 135 120.0; 97.6; 72.5; 48.1
Secondary Line Level PVC 700 204.2; 144.0; 120.0; 97.6
Main Line Incline PVC 492 204.2
Suction Line Incline or Level PVC 6 262.0

production of these elements and the internal diameters used in each stretch of optimised tubing. The slopes of
the ground were 0%, 2.5% and 5%.

To calculate the adjustment factor for the decrease in the loss of pressure due to friction of the tubing, the fol-
lowing adjustment equation proposed by [14] was used:

m-1)"°
NTDi x 1 + 1 - |+ ( )_2 +xLi—-1
m+1 2NTDi 6NTDi

NTDi + xLi -1

FLi=

€]

in which:
FLi is the adjustment factor for a decrease in the loss of pressure due to friction of the tubing i;
NTDi is the total number of derivations for the tubing i ;
m is the exponent for the equation of unitary head loss; and

xLi is the ratio of the distance from the beginning of line i to the first derivation, in relation to the distance
between the other derivations.

To calculate the coefficient of friction, the following general equation proposed by [15] was used, which is
used for rolling, smooth turbulent, transition and rigorous turbulent flows:

. 6716 0,125

=[S os| o ST (20) o
Rein 3,7Din  Rein” Rein
in which:

fin is the coefficient of friction for the calculation of the head loss in the tubing in line i in stretch n
(dimensionless);

Rein is the Reynolds number in line i instretch n (dimensionless);
& is the absolute roughness of the tubing used in line i (mm); and
Din is the diameter of the pipes in line i instretch n (m).
The unit head loss was determined using the Darcy-Weisbhach equation [16], as follows:
_ fin Vin?
Din 2g

Jin
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in which:
Jin is the unit head loss in line i instretch n (mm™);
fin is the coefficient of friction in line i instretch n (dimensionless);
Din is the diameter of the pipesinline i instretch n (m);
Vin is the velocity of the water in line i instretch n (m-s™);and
g is the acceleration of gravity (m[s°]%).
The sum of the unit head loss with a distributed slope of the ground was calculated using the following:

fin = (Jin FLi LLin)+ PCLin+ DZLLin (4)

in which:

hfin is the sum of the head loss and the slope of the ground in line i instretch n (mca);

Jin is the unit head loss in line i instretch n (m'm™);

FLi is the adjustment factor for the decrease in the pressure loss due to friction in the tubing i ;

LLin isthe length of line i instretch n (m);

PCLin is the local head loss from the emitters in the tubing in line i instretch n (m); and

DZLLin isthe incline or decline distributed by the loss of water in line i instretch n (m).

The optimisation process of the dimensions began with the lateral line, in which the emitters were located.
The flow was determined for each emitter according to the water needs of the plants that would be irrigated. The
sum of the flow of all of the emitters indicated the flow that should be available at the beginning of the lateral
line. The calculation of the dimensions was performed stretch by stretch, from the beginning of the line until the
end, subtracting the distributed flow from the previous stretch. This principle was adopted for the lateral lines,
the derivation lines and the secondary lines. For the main line (adductor) and the suction line, the calculation of
the dimensions was not performed stretch by stretch because there were no derivations that simultaneously re-
ceived water.

Because the dimensioning should be performed stretch-by-stretch in a network with a distributed flow, pre-
measurement of the tubes in the network was necessary.

The determination of the flows in the tubes of the network is fundamentally important in the design of the
code for the capability function, whether it be the entire flow at the beginning of the piping or the fractioned
flow for each derivation (emitters and piping).

The methodology that was used for the economic analysis implemented by the computational code is de-
scribed below. In the calculation of the total cost, the fixed cost of installation and the variable operational costs
were both considered.

Using annual interest, the capital recovery factor (CRF) provided a coefficient that allowed for the calculation
of the fixed annual cost of an investment based on the value of the investment. This calculation took into ac-
count the useful life of the equipment and the per annum interest rate using the following equation:

J(3+1)

CRF = h
(3+1)" -1

(%)
in which:

CRF s the capital recovery factor (decimal);

J isthe annual interest rate (decimal); and

V is the useful life of the equipment (years).

The calculation of the fixed annual cost took into account the CRF and the price of acquiring the system, us-
ing the following equation:

CF = FRC xCEQ (6)

in which:
CF s the fixed annual cost (R$-year -ha™%);
FRC is the capital recovery factor (decimal); and
CEQ is the price of acquiring the irrigation system (R$-ha %).
The costs of both energy and water were included in the calculation of the annual variable costs of irrigation.
For the cost of energy, it is important to consider the method of charging for electricity. According to a reso-
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lution by the National Agency of Electrical Energy DOU no. 313 from 06/04/2006 [17], this irrigation project
fell under Group B-the rural sector category-with a payment for consumption of only 0.1768 R$-kW ™.

The electricity provider for the state of Sao Paulo (Power Company of Sao Paulo), designates a discount of
60% on the tariff for the rural sector between the hours of 21:30 and 06:00 (a “window” of use of 8.5 hours),
which would result in a rate of 0.0707 R$-kW " for this time frame. Through heuristics, the system could be ad-
justed to function for 4.25 hours in two cycles per day, reducing the flow through the project and generating
savings in the piping and power required; another option would be to use a cycle of 8.5 hours, depending on the
preferred objective. This adjustment could be completed by increasing the flow of the emitters according to the
flow curve versus the pressure provided by the manufacturer or by simply selecting another emitter. The choice
of adjustment would depend on how many days the irrigation would last and how many sectors would be irri-
gated per day, with the operational units based on the system that would be installed.

The fee for the use of water was calculated based on the evapotranspiration of the crop, the number of irriga-
tion days per month of operation of the system per year and the price of water (R$:m ®). To make the model
broader and more realistic, a water cost of 0.01 R$-m > was adopted as an entrance parameter for the operation
cost.

The total cost (the capability function to be optimised) was the sum of the fixed annual costs (installation of
the irrigation system) and the variable annual costs (operational costs), calculated using the following equation:

- (CEQ- FRC)+CTE +CAGT

AUI "

in which:

f is the total cost of the irrigation network (R$-year *ha*);

CTE is the total cost of electricity (R$-year );

CATG is the total cost of water (R$-year ); and

AUI s the useful irrigated area (ha).

The code for the optimised design was developed using MatLab. For the optimisation, the genetic operators
were used from the MatLab toolbox.

The sensitivity analysis evaluated the effects of the operational unit of the system over the hydraulics (energy
and pressure), based on the variation in the slope of the terrain. Sensitivity analysis is the measurement of the
magnitude of the alteration of the final result caused by a predetermined change of one or more factors of the
project, which means that the projected model is tested to determine the most relevant elements for the design
decision. Thus, with various design parameters, it would be possible to select those parameters that are most
sensitive, that is, those that have the most the influence over the analysis [18] [19].

The complete algorithm for the optimized design is in [20] and each analysis step for better presentations is in
[21] [22]. The sensitivity analysis can be finding in [23].

3. Results and Discussion
The Hydraulic Analysis of the Lateral Line

Figure 2 presents the variation in the velocity and the distributed flow in the lateral line in relation to the inter-
nal diameter of the piping.

In Figure 2, the direct influence of the diameter of the tubing is apparent, with a distributed flow and with an
increase in the velocity of the flow when the diameter of the first stretch of tubing experienced a contraction
down to the diameter of the second stretch of tubing. This increase in the flow velocity occurred when there was
a swift decrease in the internal area of the tubing and the flow in the closest emitters was insufficient to decrease
the velocity around the point of contraction. After the 13th emitter, 5 emitters were necessary (after the 19th
emitter), such that that velocity of the flow was once again less than that of the 13th emitter in the lateral line.

Figure 3 shows the Reynolds number for the emitters and the regions that represent turbulent, transitional and
rolling flows, as determined according to Harpa de Nikuradse [16].

The descriptive analysis in Figure 3 shows that the flow of the lateral line began and remained turbulent in
the tubing, with 25 emitters in this part of the flow, until passing through a short stretch of flow in transition and
then ending in a rolling flow. With this outflow and with a distributed flow, the velocity and the diameter of the
tubing (as calculated in Figure 2) had a direct result on the variation in the Reynolds number and the type of
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Figure 2. The distributed flow and velocity calculated in the design of the lateral
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Figure 3. The Reynolds number for the emitters and the regions that represent ri-
gorous, transitional and rolling flows.

flow in the lateral line. This effect on the type of flow demonstrated that the selection of the equation to calcu-
late the friction factor was particularly important for smooth tubes, such as those made of polyethylene or PVC
(often used in the design of irrigation networks), because the type of flow may change, as in Figure 3, in which
the polyethylene tubing was under a distributed flow.

Figure 4 presents the local head loss in the contraction of the tubing and the variation in the local head loss
throughout the emitters and the head loss unit between the emitters, the friction factor and the kinetic energy that
all resulted from the scaling of the lateral line with a distributed flow. With a distributed flow, the variation in
these scaling parameters corresponded to the tendency determined by the internal diameter of the tubing and the
velocity of the outflow (Figure 2).

The local head loss with the contraction of the tubing was small (0.0045 mca) in comparison with the head
loss unit (0.0650) and the head loss between the emitters attached to the lateral line (0.0212 mca) at the point of
contraction of the tubing. The variation in the friction factor (from 0.0246 mca in the first emitter up to 0.0594
mca in the last emitter) throughout the lateral line tended to be inversely proportional to the variation in the
Reynolds number presented in Figure 3. However, it can be seen that at emitter point 26, there was a slight ten-
dency for a decrease in the friction factor and that at emitter point 27, there was an exacerbated decrease fol-
lowed by a swift and accentuated increase at the final emitter point. This phenomenon occurred because of the
intrinsic characteristics of the calculation of the friction factor and its variations and may be observed by ana-
lysing the polyethylene tubing (0.0015) in the Moody diagram.
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Figure 4. The local head loss in the contraction of the tubing and the variation in the local head loss
throughout the emitters and the head loss unit between the emitters, the friction factor and the ki-
netic energy in the lateral line under a distributed flow. The data were obtained from the design of

the network.

The influence of the kinetic energy (Figure 4) in the tubing contributed to the distance between the energy
lines and the piezometric line at the beginning of the first and second stretches of the tubing. At the end of the
tubing, after the 26th emitter, the values remained very similar, and they were essentially equal for the final
emitter (28), where the kinetic energy was very close to zero.

The small amount of variation (9.1%) between the highest (16.66 mca) and the lowest value of the piezome-
tric head (15.14 mca) at the emission points in the lateral line caused a greater uniformity of emission in the op-
erational unit.

The variation in the flow throughout the lateral line tended to stabilise concomitant with the stabilisation of
the piezometric line, whereas the flow in each emitter was determined as a function of the pressure head at the
emission point. More details on the influence of the variation of the piezometric line in the floss of the emitters
will be presented in the hydraulic analysis of the entire operational unit (lateral lines attached to a derivation line)
with the different slopes in the terrain.

Figure 5 presents the relationship between the energy lines and the piezometric lines obtained from the net-
work plan and the flow in the emitters, with the piezometric head in each emitter.
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Figure 5. The variation between the energy lines and piezometric lines obtained from the dimen-
sions of the network and the flow in the emitters, with the piezometric head in each emitter.

Figures 6-8 present the variation in the velocity of the outflow in the derivation line in comparison with the
flow and the internal diameter of the tubing for the slopes of 0%, 2.5% and 5%, respectively, calculated using
the dimensions of the irrigation network.

The velocity increased at the outflow, even when the tubing had a distributed flow, and thus, there was a ten-
dency toward a decrease in the velocity at the outflow, which led to an accentuated decrease in the internal area
of the tubing.

In Figures 6-8, a lower average velocity (1.49 m-s %) is observed in the tubing for a 0% slope in the terrain
compared with the tubing for the 2.5% (1.71 m-s %) and 5% (1.80 m-s™*) slopes. Thus, there tended to be an in-
crease in the average velocity in the tubing of the derivation line when there was an increase in the slope with
the same distributed flow.

A greater magnitude change (1.59 m-s %) was also noted between the minimum velocity (0.47 m's %) and the
maximum velocity (2.05 m-s %) for a slope of 0%, as compared with the magnitude change for a slope of 2.5%
(2.00 m-s ™, with a maximum of 2.46-m s * and a minimum of 0.47 m-s %) and 5% (2.02 m-s *, with a maximum
of 2.49 ms * and a minimum of 0.47 m-s %).

Figures 9-11 present the variation in the Reynolds number along the derivation line for the slopes of 0%, 2.5%
and 5%, respectively. The variation in the Reynolds number along the derivation line followed the tendency
represented in Figures 6-8. With the contraction of the diameters, there was an increase in the outflow velocity,
causing a local increase in the Reynolds number, which was directly reflected in the other hydraulic design pa-
rameters.

The smallest variation in the Reynolds number was obtained with a 0% slope in the terrain, with a value of
89.2%, followed by a slope of 2.5%, with 90.3% variation and, lastly, a slope of 5%, with a variation of 90.7%.

Figures 12-14 present the data obtained from the dimensioning of the irrigation network, with a local head
loss with 3 contractions in the tubing, including the local head loss behaviour with the attachment of the lateral
lines, the head loss unit between the lateral lines and the friction factor and kinetic energy of the derivation line
under a distributed flow. The internal area of the tubing and the velocity of the outflow under a distributed flow
determined the behaviour of these parameters in the dimensions of the tubing (Figures 6-8). The local head loss
in the contraction of the tubing was the smallest at the first contraction (0.0247, 0.0395 and 0.0447 mca for 0%,
2.5% and 5% slopes, respectively) in comparison with the rest of the contractions. The local head loss estimates
for the second contraction (0.0464, 0.0664 and 0.0628 mca for 0%, 2.5% and 5% slopes, respectively) were, in
general, lower than those for the third contraction (0.0668, 0.0576 and 0.0873 mca for 0%, 2.5% and 5% slopes,
respectively), with the exception of the third contraction of the tubing for the 2.5% slope, which displayed a
lower value that that of the 5% slope.

As shown in Figures 12-14, there was less variation in all of the parameters studied for a slope of 0%, with a
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tion line under a distributed flow. Data were obtained from the dimensions of the network with a 0% slope.
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tion line under a distributed flow. Data were obtained from the dimensions of the network with a 2.5% slope.
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Figure 14. The local head loss in the first, second and third contractions of the tubing and the beha-
viour of the local head loss in the lateral lines and the head loss unit between the lateral lines and the
friction factor and kinetic energy in the derivation line under a distributed flow. Data were obtained
from the dimensions of the network with a 5% slope.

considerable increase in the variation of the values for slopes of 2.5% and 5%. This shows that as the slope of
the terrain increased, all of the parameter values tended to increase, including the amplitude of the local head
loss with a contraction in the tubing and the attachment of the lateral lines and the head loss unit between the
lateral lines and the friction factor and kinetic energy in the derivation line under a distributed flow.

Figures 15-17 present the energy line, the piezometric line, the pressure head line and the elevation of the de-
rivation line under a distributed flow.

For a slope of 0%, 2.5% or 5%, the kinetic energy (Figures 15-17) in the tubing contributed to the distance
between the energy line and the piezometric lines at the beginning of the 4 stretches of the derivation line. At the
ends of the four stretches of the tubing, the values of the energy line and of the piezometric line were very close
because of the contraction of the tubing, and they were essentially equal at the end of the fourth stretch, when
the value of the kinetic energy was close to zero. Additionally, in the comparative analysis of Figures 9-11, the
2.5% slope favoured a better distribution of the energy line and the piezometric line in the tubing because of the
gain in energy, which was offset by the total head loss in the tubing.

Figure 16 and Figure 17 show the influence of the elevation and the respective gain in energy (with the tub-
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ing at a downward slope) on the energy, piezometric and pressure headlines. This influence determined the dis-
tributions in the entire operational unit and, consequently, the flow distribution and the production distribution
of the entire area. The clearly and detailed indicate the relationship of each part can be find in [20].

4. Conclusions

The results of this study suggested that there was a gain in total head at the beginning of the tubing with an in-
crease in the decline of the terrain (for tubing with a distributed flow) and that the gain was gradually lost along
the tubing. There was also a decrease in the pressure at the beginning of the tubing, which gradually increased
until the end of the tubing.

From these results, it can be concluded that the lowest average velocity (1.49 m-s %) was obtained in the tub-
ing with a 0% slope, followed by the tubing with 2.5% (1.71 m-s *) and 5% (1.80 m-s ') downward slopes. Thus,
there tended to be an increase in the average velocity of the tubing of the derivation line when there was an in-
crease in the decline under the same distributed flow.

The results also showed that for tubing with a distributed flow, the influence of the behaviour of the kinetic
energy in the tubing increased the distance between the energy line and the piezometric line at the beginning of
each stretch after a decrease in the diameter of the tubing. At the end of the tubing, the values of the energy line
and the piezometric line were very similar, and they were essentially equal at the final opening.

The hydraulic analysis showed energy and pressure behaviours that are appropriate for water distribution
networks with multiple derivations. The analysis criteria, in relation to the differentiation of the components of
the energy line and the piezometric line, facilitated a better hydraulic understanding of the network and the veri-
fication of the behaviour of the system, while simulating its operation.

The genetic algorithm used in this hydraulic optimisation resulted in a satisfactory resolution of the problem,
without making it necessary to introduce simplifications of the dimensions in the formulation of the code for the
capability function.
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