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Abstract: The center pivot irrigation system is a type of irrigation technology used to apply water
effectively and uniformly over a wide variety of areas and topographies. These irrigation systems’
uniformity of water application greatly affects water use, energy consumption, and crop production.
Performance tests of the standard lateral galvanized and modified polyethylene plastic pipes in
the center pivot irrigation systems were conducted in different regions of Saudi Arabia. Water
distribution depths along the laterals, coefficient of uniformity (CU), and distribution uniformity of
the low quarter (DU) were determined. The results revealed that profiles of water distribution ranged
from 4 to 14 mm for the standard-center pivot irrigation systems, while those for the modified-center
pivot irrigation systems ranged from 6.5 to 50 mm. Standard-center pivot irrigation systems” CU
values ranged from 74 to 90%, with an average of 86%. In comparison, the modified-center pivot
irrigation systems” CU values ranged from 62 to 83%, with an average of 78%. The DU values ranged
from 60 to 82% for the standard-center pivot irrigation systems, with an overall average of 77%. For
the modified-center pivot irrigation systems, the DU values, in contrast, ranged from 31 to 75%, with
an average of 65%. Thus, the accuracy and uniformity of the standard-center pivot irrigation systems
are superior to those that have been modified. Additionally, a statistical model was developed
to investigate the relationship between the water losses and the main climatic factors under field
operating conditions. Therefore, the study results are expected to draw attention to standard lateral
pipes’ value on the one hand and demonstrate the detrimental consequences of growers’ incorrect
practices in pivot irrigation systems, motivating them to take strong action against these activities, on
the other hand.

Keywords: center pivot; coefficient of uniformity; distribution uniformity; lateral configuration;
MLR; water conservation

1. Introduction

Center pivots are a technologically advantageous irrigation option, as they have a very
high performance. In today’s irrigation developments all over the world, center pivots are
widely used. A center pivot irrigation system consists basically of a pipeline (lateral) fitted
with wheels and motorized structures (towers) [1]. The irrigation pivot is positioned in
the center of the field, allowing the entire system to rotate around the point of its center of
gravity. Sprinkler outlets are mounted on top of the pipeline, which is supported by steel
trusses between tower structures. Each tower has a motor of 1 hp and is set on two large
wheels, usually 30 to 60 m apart [1].

In recent years, center pivot irrigation systems have grown enormously around the
world due to their ability to apply water in a highly effective and uniform manner [2].
Other advantages of center pivot irrigation systems are that they require less labor and
deliver water-soluble fertilizers cost-effectively across a wide range of soil, crop, and
topographic conditions. [2]. In Saudi Arabia, approximately two-thirds of all irrigated

Agronomy 2021, 11, 1675. https:/ /doi.org/10.3390/agronomy11081675

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy11081675
https://doi.org/10.3390/agronomy11081675
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11081675
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11081675?type=check_update&version=1

Agronomy 2021, 11, 1675

20f13

areas use a center pivot irrigation system [1]. By using center pivot irrigation systems,
Saudi Arabian farmers have successfully used light sandy soils to support agricultural
production on marginal lands that cannot be irrigated by surface systems. During the last
three decades, a significant portion of Saudi Arabia’s desert areas has been turned into
intensively irrigated agricultural land. The government’s support and incentive for farmers
to help maintain the country’s food supply contributed to this shift. This rise in irrigated
land has resulted in a notable increase in the strain on the water supply, causing problems
with the availability. In 1992, non-renewable groundwater supplies provided about 92% of
irrigation water, accounting for more than 85% of overall national water use [3]. As a result,
the number of center pivot irrigation systems has rapidly increased in Saudi Arabia.

Farmers in Saudi Arabia complained of excessive corrosion in lateral piping of center-
pivot irrigation systems that irrigate vast agricultural areas with a variety of water quality
standards. As a result, many farms have replaced the lateral high-cost steel pipes with
polyethylene pipes in order to reduce corrosion. Polyethylene laterals, which are equipped
with short drop tubes, were directly positioned under the standard steel pipe and above
the ground surface at 150-200 cm. Farmers initiated this redesign with information drawn
from their own experience and technicians, without involving the center pivot dealers
and designers who rely on a predetermined pressure for each sprinkler. Additionally, no
evaluations were conducted on these modified center pivot irrigation systems to test their
performance and the overall water distribution. Depending on the water’s salinity, this
replacement occurs every 3 to 5 years by the center pivot irrigation owners. Accordingly,
the modified-center pivot irrigation systems need to be assessed, as those systems may not
be well designed and functioning properly.

On the farm level, optimization of irrigation can save both water and labor and
increase the harvests of crops. [4]. Effective water management will be necessary for
irrigated agriculture to guarantee sustainability. Thus, irrigation systems must handle
and utilize water as effectively as possible in order to prevent unnecessary losses [5,6].
Application efficiency and crop yield are highly dependent on the sprinkler uniformity
coefficient [7-9]. Water stress lowers yields and raises both the financial and environmental
costs due to low distribution uniformity [10]. The uniformity of sprinkling irrigation
is often measured by the Christiansen’s uniformity coefficient (CU) [11]. Harrison and
Perry [12] categorized the CU of center pivot irrigation system as “excellent (>90%)”,
“good (85-90%)”, “fair (80-85%)”, and “poor (<80%)”. In addition, the natural resources
conservation service [13] has determined that chemigation should be applied to center
pivot systems with CU values above 85%.

Center pivot irrigation systems are conventionally evaluated by transected cans that
are uniformly spaced and arranged radially away from the pivot point. Many factors may
affect water application’s uniformity, the most important of which are incorrect sprinkler
nozzling and spacing, variations in lateral pressure distribution, and wind speed [14-20].
Many researchers have studied the performance of center pivot irrigation systems [21-30].
For example, Ortiz et al. [31] indicated that a CU value of 80% could be adequate to ensure
good uniformity of crop yields for individual irrigation events. Therefore, evaluating the
center pivot sprinkler’s performance in Saudi Arabia was imperative, especially for those
modified systems. The study aimed to investigate the lateral configuration effect of the
standard and modified-center pivot irrigation system on the uniformity coefficient and
water distribution under field conditions.

2. Materials and Methods
2.1. Study Locations

For the field evaluations, a total of 16 low-pressure center pivot irrigators were em-
ployed in four different regions of Saudi Arabia, namely Riyadh, Qassim, Jouf, and the
eastern province (Figure 1). Saudi Arabia’s climate is characterized by high daytime tem-
peratures and low nighttime temperatures. Except for the southwest that has a semi-arid
environment, this country has a desert climate pattern. The study areas’ climatic charac-
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teristics are depicted in Figure 2. Wind speeds ranged from a minimum of 1.3 ms~! in

Riyadh to a maximum of 3.5 ms ™! in the eastern province. The air temperature ranged
from 9.5 °C in Jouf to 37 °C in the eastern province. The annual precipitation level ranged
between 55 mm year~! in the eastern province and 207 mm year~! in Qassim. Qassim,
with a relative humidity of 12.5%, had the lowest average humidity. In contrast, the eastern
province, with a relative humidity of 65%, had the highest average humidity. Sandy loam
is the dominant soil texture in the studied regions. Deep well aquifers were the sources of
water for irrigation in the study areas. Each well’s electrical conductivity was measured in
order to determine the irrigation water salinity. For the four locations, the average electrical
conductivity was between 0.46 and 6 dS m~!.

W

Figure 1. A map of the study sites in Saudi Arabia. (1) Riyadh, (2) Qassim, (3) Jouf, and (4) the
eastern province.

2.2. Center Pivot Used in The Study Areas

Farms involved in the study were either owned by farmers or by companies specializ-
ing in agricultural production. Although some farms were fitted with the center pivot of
both standard and modified lateral systems, most farms were equipped with the modified
ones. In these center pivot irrigation systems, the standard pivot lateral (Figure 3a) was
made of a galvanized steel pipe. Instead, the center pivot irrigation systems with modified
laterals have a polyethylene pipe of the same diameter, positioned below the standard
lateral (Figure 3b).
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Figure 2. Monthly average climate data for Riyadh, Qassim, Jouf, and the eastern province regions.

Figure 3. Two types of center pivot irrigation systems employed in the study regions with standard
lateral (a) and modified lateral (b).

2.3. General Center Pivot Characteristics

Figure 4 shows the center pivot irrigation system’s structural components. The sys-
tem’s operational age in the four study regions ranged from 5 to 20 years, and the towers
ranged in number between 6 and 8. Compared to the standard lateral height specifications
(3 m), The modified lateral’s height was approximately 1.5 m to 2.0 m above the soil surface.
These center pivot irrigation systems with modified laterals have a range of drop-tube
lengths between 0.5 and 1.0 m. None of the sprinklers installed along a modified lateral of
the center pivot irrigation systems were equipped with pressure regulators.
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Figure 4. Schematic of the center pivot irrigation system.

2.4. Evaluation Procedures

Field evaluations were conducted on bare soil or soil with early stages of alfalfa crop
(Medicago sativa). All of the measurements were carried out early in the morning under the
standard field conditions as quickly as possible to minimize the collectors” evaporation.
Two radial lines of catch cans were employed in each system, as shown in Figure 5. The
distance between the catch cans was 5 m, with a diameter of 16 cm inside and a height of
15 cm [32,33]. The catch cans were positioned along a line that radially extended from the
pivot point. Both lines were distanced sufficiently from the pipeline to allow the system to
carry out the test conditions.

Span 2

\/

Control box

Span 1

AV

Control panel -Tube

T,
Pressure regulator -
Sprinkler

Water supply  ~ Pivot point

Catch can

Figure 5. Catch cans arrangement for the performance evaluation of the center pivot irrigation systems.

2.5. Sprinklers Efficiency and Distribution Uniformity

The depth of application was assessed by measuring water taken from dual-row
catch cans, radially positioned with a spacing of 5 m along the laterals. According to the
ASABE [34], the average water depth collected from the catch cans is the composite depth
of both rows, which is given by:

. |DsS
ADw = Zl—nll S 5‘
iz1/Ss|

@
where ADw is the average weighted depth of water collected from catch cans (mm), D; is
the depth of water (mm) collected by a catch can at a distance S (m) from the center pivot, s
is a subscript indicating the location to a distance S, and n is the catch cans number.
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For evaluating the water distribution uniformity of the center pivot irrigation systems,
both the uniformity coefficient (CU) of Heermann and Hein [21] and the distribution
uniformity (DU) in the low quarter were calculated (Equations (2) and (3)).

Y, DsS
") S| Do — B D

m g
CU=|1- L x 100 2
™ D.s, @
. ADZUz5
DU = — == x 100 (3)

where ADw;s is the average water depth (mm) obtained by 25% of the cans that collected
the minimum water amount within the span, weighted according to the distance to the
center pivot.

2.6. Multiple Linear Regression

Multiple linear regression (MLR) is a method for modeling the linear relation of
a dependent (response) variable with one or more independent variables (predictors). The
general equation for the MLR is as follows:

y=Dbix;+byxo+ ... +byxy+c 4)

where y is the dependent variable; by, by, . .. , b, are the regression coefficients; and x1, x,
..., X are the independent variables.

The mathematical relationship between MLR and water loss was developed in this
study, utilizing data from standard-center pivot irrigation systems to estimate water losses
as a function of wind speed, temperature, and relative humidity. (Equation (5)).

Wiosses = Bo + B1WS + 2T + B3RH ©)

where Wiy, is the water losses (%), WS is the wind speed (m s~ 1), T is the air temperature
(°C), and RH is the relative humidity (%).

In order to evaluate the predictive MLR, the standard error, correlation coefficient, t
statistic, and probability value (p-value) for independent parameters were used.

3. Results and Discussion

Irrigation water uniformity indicates how uniformly water is applied over the soil for
various irrigation conditions. Figures 6a—h and 7a—h show the water distribution profiles,
average applied depths, and average depths in a low quarter of application for both the
standard and modified laterals of the tested center pivot systems, respectively. For each of
the tested 16-center pivot irrigation systems, the profiles represent depths of water collected
within each can along the laterals. Figures 6a—h and 7a-h indicate that substantial areas
of the tested center pivot systems received less water than the average applied amount.
Additionally, there was a considerable variation in the depth of water applied along the
lateral from one system to another, particularly in cases where laterals were modified.

Water distribution profiles ranged from 4 to 14 mm for the 8-standard center pivot
irrigation systems (Figure 6a—h), while those for the 8-modified center pivot irrigation
systems ranged from 6.5 to 50 mm (Figure 7a-h). Similarly, for 8-center pivot irrigation
systems fitted with standard laterals, the average low-quarter application depths ranged
from 6.5 to 6.8 mm. In contrast, for the 8-modified center pivot irrigation systems, the
average low-quarter application depths ranged from 8.3 to 8.8 mm.

It is worth noting that the water depths for the modified-center pivot irrigation systems
were greater than those for the standard-center pivot irrigation systems. This indicates
that the modified-center pivot irrigation systems applied more water to the irrigated areas
than the standard-center pivot irrigation systems at the same travel speed. The higher
applied depths were mainly due to the changes in lateral configuration introduced by the
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farmers, resulting in pressure variations, incorrect nozzling, inaccurate water patterns, and

lateral leakage.
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Figure 6. Water distribution patterns with the average depths and the average low quarter depths of application measured

from the tested center pivot irrigation systems with standard laterals. The symbols (a-h) correspond to the tested center

pivot systems numbered 1 to 8.
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Figure 7. Water distribution patterns with the average depths and the average low quarter depths of application measured

from the tested center pivot irrigation systems with modified laterals. The symbols (a—h) correspond to the tested center

pivot systems numbered 1 to 8.

The performance index values were calculated to compare how well both the standard
and modified-center pivot irrigation systems distributed the irrigation water. Equations (2)
and (3) were utilized to compute the values of CU and DU, respectively, for the 16-center
pivot irrigation systems. Results are shown in Figure 8, which compares the CU for the
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standard- and modified-center pivot irrigation systems. The index values of the CU were
clearly lower for the modified-center pivot irrigation systems than for standard-center
pivot irrigation systems. Standard-center pivot irrigation systems” CU values ranged from
74 to 90%, with an average of 86%. In comparison, the modified-center pivot irrigation
systems’ CU values ranged from 62 to 83%, with an average of 78%.

©
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65

Coefficient of uniformity (CU, %)

60- L | L | L | L | L | L | L | L | L |
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Figure 8. A comparison between the coefficient of uniformity (CU) for both the standard- and
modified-laterals of the tested center pivot irrigation systems.

Figure 9 illustrates the DU values for the two standard and modified-center pivot
irrigation systems. The DU values ranged from 60% to 82% for the standard-center pivot
irrigation systems, with an overall average of 77%. For the modified-center pivot irrigation
systems, the DU values, in contrast, ranged from 31% to 75%, with an average of 65%.
Thus, the accuracy and uniformity of the standard-center pivot irrigation systems were
superior to those that had been modified.
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Figure 9. A comparison between the distribution uniformity (DU) for both the standard- and
modified-laterals of the tested center pivot irrigation systems.
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In most modified-center pivot irrigation systems, the values for CU and DU were
below acceptable levels [33], with an average of 78% and 65%, respectively. In comparison,
irrigation water for most standard-center pivot irrigation systems was distributed more
uniformly, with average CU and DU values of 86% and 77%, respectively, being acceptable
values [33]. As a result, the standard-center pivot irrigation systems performed better than
the modified ones, with the water being applied more uniformly. On the contrary, poor
uniformity and large variations in water depth along the laterals were more noticeable
within the modified-center pivot irrigation systems. Consequently, these modified-center
pivot irrigation systems would negatively impact irrigated crop fields” overall growth
and yield.

Non-uniformity of the modified-center pivot irrigation systems resulted from incorrect
lateral placement, which had many variations in height (Figure 3b), on the one hand, and
nozzle pressure variations along the laterals, on the other hand. Furthermore, the sprinkler
discharges and application depth patterns along the modified-center pivot laterals differed
from those with the standard-center pivot systems.

Analysis of Variance (ANOVA) was used to compare the CU and DU values for both
the modified and standard-center pivot irrigation systems using a one-way analysis of
a t-test. The least significant difference (LSD) was used to compare the performance in-
dices of the two systems at the 5% and 1% probability levels. Statistical analysis showed
a significant difference in CU and DU values for the modified and standard-center pivot
irrigation systems at both the 1% and 5% levels. This indicates that the lateral configuration
significantly impacted these modified-center pivot systems’ performance indicators, lead-
ing to poor performances. As a result, the center pivot system’s performance and irrigation
water distribution would be greatly affected by those changes, leading to increased water
losses and decreases in crop yield.

Statistically, the influence and relationship of the independent variables (wind speed,
temperature, and relative humidity) with the dependent variable (water losses) were an-
alyzed. The standard error, t-statistic, and p-value of the analyzed data are displayed in
Table 1. At an alpha level of 0.05, the p-value revealed a significant effect between the inde-
pendent variables and the water losses. Wind speed, temperature, and relative humidity
were influential variables in calculating the water losses, wherein the standard errors of
those variables were +2.67, £0.26, and +0.02, respectively. Furthermore, Figures 10-12
depict the predicted and measured water loss values using the MLR model. These figures
demonstrate that the MLR’s predicted values are consistent with those obtained from the
field. Furthermore, the wind speed and air temperature variables were directly propor-
tional to the water losses, where increased wind speed and air temperature led to increased
water loss. Such results corroborate those of Ortiz et al. [31], who stated that wind speed
is one of the main factors influencing water distribution patterns in sprinkler irrigation
systems. As a result, water losses can be minimized by operating the center pivot irrigation
systems early in the morning or when the air temperature and wind speed are at their
lowest levels.

Table 1. The results of the developed MLR model’s water loss regression analysis.

Variables Coefficients Value SE t-Statistic p-Value CC
Intercept 0 —32.20 3.25 —9.89 0.0005 0.98
WS p1 2.16 2.67 0.81 0.4629
T B2 121 0.26 4.65 0.0096
RH B3 0.19 0.02 6.80 0.0024

WS: wind speed, T: air temperature, RH: relative humidity, CC: coefficient of correlation, SE: standard error of
regression coefficients, p-value: probability value.
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4. Conclusions

Replacing the standard lateral galvanized pipes with modified polyethylene plastic
ones in the center pivot irrigation systems is popular among Saudi Arabian farmers. The
study’s main objective was to investigate the performance of the standard- and modified-
center pivot irrigation systems on the uniformity coefficient and water distribution under
field conditions. The results showed that the water distribution was influenced by the
modified laterals of the tested-center pivot irrigation systems, leading to low-performance
indexes, most of which were lower than acceptable levels. Results analysis revealed that the
modified lateral of center pivot irrigation systems delivered water with non-uniform depth
distribution and a low uniformity along the polyethylene developed lateral pipe compared
to the standard designed ones. The non-uniformity of the modified-center pivot irrigation
systems was mainly due to the incorrect lateral placement, nozzle pressure variations, and
leakage along the laterals. Failure to maintain a predetermined pressure at each sprinkler of
the modified-center pivot irrigation systems will cause water distribution variation along
the laterals, leading to increased water losses and decreases in crop yield. The study results
are expected to draw attention to standard lateral pipes’ value for sprinkler irrigation
system users and provide valuable information on water application and losses associated
with center pivot irrigation systems for facing aridity and water scarcity.
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