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ABSTRACT

Owing to an increasing demand for irrigation water associated with the
massive expansion of irrigated sugarcane farms in Ethiopia, there is a need to
use the available water efficiently and effectively. Accordingly, a study was
conducted to evaluate the effect of operating pressure and nozzle size on the
field performance of dragline sprinkler system at Wonji/Shoa Sugar Estate.
The study was conducted under three wind phases (morning, mid-day and
late afternoon) using three operating pressures (250 kPa, 300 kPa and 350 kPa)
and two nozzle sizes (44 and 4.8 mm). Uniformity measurements were
performed using single sprinkler and four sprinklers configurations. An
application efficiency of low-quarter of 41% to 80.3% and actual application
efficiency of low-quarter of 30.1% to 37.5% were achieved under the respective
test combinations. Christiansen’s coefficient of uniformity of 71.7% to 86.3%,
and distribution uniformity of 61% to 80.3% were achieved under different test
combinations for four sprinklers test. The achievable delivery performance
ratio was in the range of 0.81 to 1.18. The experimental results illustrated that,
lower operating pressure and higher wind velocity were the major factors
responsible for the low water distribution uniformity and efficiency.
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INTRODUCTION

Inappropriate design, installation or management of irrigation system could be the reason
for the poor performances of sprinkler irrigation (Magwenzi, 2000; Smajstrla et al., 2002).
The most important aspects in the sprinkler systems performance is the uniformity of
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water application (Solomon, 1979; Maroufpoor et al., 2010). Uniform water distribution is
necessary for maximizing crop yield and quality as well as for more efficient use of the
available irrigation water (Ascough and Kiker, 2002).

Many factors affect the uniformity of water application under sprinkler systems, including
sprinkler type (model), nozzle type (number and size), operating pressure, riser height,
environmental conditions (Keller and Bliesner, 1990; Turjuelo et al., 1999) and the crop to be
irrigated (Sanchez et al., 2010). Sprinkler heads are the most important component in the
sprinkler system due to the fact that their performance determines the effectiveness and
efficiency of the whole system. Wind, temperature and humidity are environmental factors
affecting water distribution pattern of sprinkler irrigation (Solomon, 1979; Turjuelo et al.,
1999). The uniformity of application is strongly affected by wind speed and direction.
According to a report by Playan et al. (2005), wind velocity is the meteorological variable
most directly related to sprinkler irrigation performance due to its effects on Christiansen’s
uniformity coefficient (CU) and on wind drift and evaporation losses (Sanchez et al., 2011).
For this reason, irrigation applications should be made when the wind speed is low (Dechmi,
2002) and laterals should be fixed parallel to the dominant wind direction (Kara et al., 2008).

Performance evaluation has a number of advantages in sprinkler irrigation systems. The
performance of sprinkler irrigation systems in many areas of the world could be improved
in order to save water and energy (Trajuelo et al., 1992). In-field performance evaluation of
sprinkler irrigation system is extremely important in realizing the basic aim of efficient
and effective application of water. Moreover, it is essential to evaluate the performance of
new systems because they should be operating at the designed specification. Data
obtained from field evaluation are useful in indicating any defects regarding system
operation, water distribution and water losses. Field evaluation also indicates both the
location and magnitude of water losses that are occurring, and then determining how to
improve the irrigation system and/or its operation. A sprinkler irrigation system is
normally evaluated based on uniformity coefficients determined from field measurements
using an array of water collecting devices (Topak et al., 2005).

Furrow irrigation system has been in use at Wonji/Shoa sugar estate (WSSE) for irrigating
sugarcane crop for more than 50 years. In recent time (2009), sprinkler irrigation systems
(dragline-an overhead sprinkler system consists of a mainline with fixed laterals and a
flexible hose connects a tripod stand mounted with a sprinkler and center pivot) has been
introduced to irrigate additional 2,800 ha of land at Wake-Tio and Dodota sites due to the
increasing demand for sugar in Ethiopia and the need to use the available water more
efficiently. Even though sprinkler irrigation has started operation in recent years, no
critical scientific investigation has been made regarding the actual field performance of the
sprinkler systems. The estate does not know whether they are achieving the created
performance during design. Evaluating the performance of the system is extremely
important in order to understand the status of the design and management performance of
the system. The aim of the present study is to assess the effects of operating pressure,
nozzle diameter, and wind velocity on the field performance of sprinkler irrigation at
Wake-Tio expansion site. The objective is to evaluate the performance of sprinkler
irrigation under different technical (nozzle size and operating pressure) and
meteorological (wind speed and direction) conditions at the field level. The paper
discusses the three most important water application performance parameters of sprinkler
irrigation system: uniformity, efficiency and adequacy on different scenarios and give
recommendations for improved measures for sprinkler irrigation performance.
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MATERIALS AND METHODS

Description of the Study Area

The experiment was carried out at Wake-Tio expansion site of WSSE, which is located at
an elevation of 1550 m above sea level (latitude of 8°24' N and longitude of 39°21' E)
(Figure 1). Dragline sprinkler irrigation system is used to irrigate the sugarcane fields.
Spacing between laterals is 54 m and the riser valves are placed at an interval of 18 m on
the lateral. The length of the hose is 20 m which is attached to risers of 4 meter height
above the ground. Each sprinkler serves 12 positions on 18 m x 18 m grid. One sprinkler
serves for an area of (54 x 72) m”® or 0.3888 ha for irrigation. The sprinkler system uses
single nozzle of diameter 4.4 mm with an application rate of 4.7 mm/hr at 300 kPa head.
The design application efficiency is 75%. The mean annual maximum and minimum daily
air temperature is 28.5 °C and 12.6 °C, respectively. The yearly average precipitation and
wind speed is 768 mm and 2.81 m/s, respectively. The soils in the study area are described
as loams, silty loams and clay loams formed from volcanic derived colluviums and
alluvium on plains and terraces.
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Fig.1. Location map of the study area
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Methods of Data Collection and Analysis

Three operating pressure levels at the hydrant (250 kPa, 300 kPa and 350 kPa) and two
sprinkler nozzle diameters (4.4 mm and 4.8 mm) were used to evaluate the different
performance parameters (uniformity, efficiency and adequacy) of the dragline sprinkler
irrigation system. Since the evaluation should conduct on blocks where vegetation could
not influence water distribution in the catch cans, the study was conducted at first ratoon
sugarcane fields immediately after harvesting. To see the effect of wind, the tests were
carried out under different wind conditions during early morning (from 6 a.m. to 8 a.m.),
mid-day (from 12 a.m. to 2 p.m.) and late afternoon (from 6 p.m. to 8 p.m.).

Field evaluation procedures of Merriam and Keller (1978) and Merriam et al. (1983) were
used. The pattern of distribution was evaluated by measuring the precipitation in catch cans
at different points in the sprinkled area. In order to calculate the performance indicators
(uniformity coefficient, distribution uniformity and application efficiency), measurements were
taken on two fields both using four sprinklers and single sprinkler methods. Uniformity
measurement with four sprinklers was determined by placing 36 identical and graduated
catch cans on a grid between two adjacent lines (laterals) and four sprinklers (Figure 2). The
catch can opening diameter was 7.7 cm and 20 cm height placed on a level ground surface.
Each catch can was placed on plastic pegs of height 22.4 cm. The amount of water collected
in the catch cans was recorded directly in cm. Single sprinkler uniformity measurement was
under taken by placing a total of 104 catch cans on a 3 m x 3 m grid system on both sides of
the lateral around the sprinkler (Figure 3). On single sprinkler test, total catch can between
adjacent lateral positions was simulated by overlapping the right and left side catch can data.
In the meantime, during uniformity measurement, climatic data corresponding to each test
period were taken from a nearby metrological station.

After completion, the amount of water collected in the catch cans was measured. Furthermore,
four catch cans, with 1 ecm depth of water, on each test fields was placed outside the testing
area in order to estimate the volume of water lost by evaporation in catch cans, both during the
field test and during the reading process. The evaporation in the catch cans was taken into
account to determine the potential application efficiency of the low quarter.
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Fig. 2. Rain gauge set-up at a sprinkler system to measure the distribution (four sprinklers)
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Fig. 3. Rain gauge set-up at a sprinkler system to measure the distribution (single sprinkler)
Data Analysis

Data recorded from both single and four sprinklers tests were used to determine the basic
sprinkler performance parameters. The basic performance indicators used in this study
were the Christiansen’s Coefficient of Uniformity (CU), Distribution Uniformity (DU),
Potential Application Efficiency of Low-Quarter (PELQ), Actual Application Efficiency of
Low-Quarter (AELQ) and low-quarter Adequacy (which is expressed as Delivery
Performance Ratio-DPR). The considered basic performance indicators were calculated as
suggested by Merriam and Keller (1978) and Merriam et al. (1983). A correlation model
was adapted to analyze the relation of the performance indicator parameters to that of the
design and climatic parameters. The wind distortion pattern on the sprinkler spray was
identified by developing and digitizing the precipitation profile using the computer
program called SURFER (ver.8). Grid-based maps of contour and wireframes maps were
produced from the grid files.

RESULTS AND DISCUSSION
Application Efficiency

Table 1 presents PELQ, CU and DU values for different sprinkler combinations for four
sprinklers tests. The minimum value of PELQ was 41% at 300 kPa operating pressure and
4.4 mm nozzle diameter during mid-day test; whereas the maximum PELQ was 80.3% at
350 kPa operating pressure and 4.8 mm nozzle diameter during morning time test. The
average wind speed was 4.42 m/s and 1.96 m/s for the respective minimum and
maximum values of PELQ. All the values recorded during mid-day time were below 60%
because of high wind speed occurred during the test. Low value of PELQ indicates poor
system design and causes excessive quantities of water losses. Wind distortions, low
operating pressure and leakage all contribute to the poor performance of the system.
Megersa (2004) reported PELQ values of 63% to 76% for drag line sprinkler at Finchaa
sugar estate (FSE). The difference in PELQ values at WSSE and FSE is obviously due to the
variations in wind speed and direction in the two areas.
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Table 1- Average PELQ, CU and DU values for different sprinkler combinations for four
sprinklers test (%)

4.4 mm nozzle diameter 4.8 mm nozzle diameter
Operating Wind Wind Wind
pressure condition speed | PELQ | CU DU | speed | PELQ | CU DU
(m/s) (m/s)
Morning 228 | 57.70 | 7430 | 65.30 | 2.84 68.30 | 82.30 | 76.30
2.5 bar Mid-day 296 | 50.30 | 71.70 | 61.00 | 2.79 56.00 | 80.70 | 66.00
Late afternoon | 1.73 | 61.00 | 79.00 | 71.30 | 2.34 58.70 | 85.30 | 76.00
Mean 2.32 | 56.33 | 75.00 | 65.87 | 2.66 61.00 | 82.77 | 72.77
St. dev 0.62 5.48 3.70 | 5.17 0.28 6.46 234 | 5.86
CV (%) 2652 | 9.73 493 | 7.85 | 1037 | 10.60 | 2.82 | 8.06
Morning 2.26 75.70 | 81.70 | 75.70 | 1.98 61.00 | 86.00 | 76.30
3.0 bar Mid-day 442 | 41.00 | 73.30 | 63.70 | 3.94 | 44.70 | 77.70 | 65.30
Late afternoon | 2.02 49.30 | 80.70 | 73.00 | 1.57 61.00 | 85.30 | 77.30
Mean 290 | 55.33 | 7857 | 70.80 | 2.50 | 55.57 | 83.00 | 72.97
St. dev 1.32 18.12 | 459 | 6.30 1.27 9.41 460 | 6.66
CV (%) 4558 | 32.75 | 584 | 889 | 50.73 | 1694 | 555 | 9.13
Morning 1.66 7230 | 79.30 | 71.30 | 1.96 80.30 | 86.30 | 80.30
3.5 bar Mid-day 413 | 45.30 | 73.00 | 66.70 | 4.04 56.30 | 83.30 | 77.00
Late afternoon | 2.30 | 50.30 | 79.30 | 70.00 | 1.80 69.00 | 84.70 | 75.00
Mean 2.70 | 55.97 | 77.20 | 69.33 | 2.60 68.53 | 84.77 | 77.43
St. dev 1.28 1436 | 3.64 | 2.37 1.25 12.01 | 1.50 | 2.68
CV (%) 4754 | 25.67 | 471 | 342 | 48.06 | 1752 | 1.77 | 3.46

The variation in PELQ is strongly correlated (negative) with wind speed in both nozzle
diameters (4.4 and 4.8 mm) and operating pressures (250 kPa, 300 kPa and 350 kPa) except
nozzle diameter 4.8 mm at 250 kPa operating pressure which shows weak positive
correlation. Also variation in PELQ is strongly correlated (positive) with CU and DU in
both nozzle diameters (4.4 and 4.8 mm) and operating pressures (250 kPa, 300 kPa and 350
kPa) except nozzle diameter 4.8mm at 2.5 bar operating pressure which shows no
correlation with CU.

Since the potential efficiency does not indicate the level of adequacy and uniformity, the
actual application efficiency of the low quarter (AELQ) was determined based on the low
quarter depth of water infiltrated and stored in the effective root zone (Table 2). The
values of AELQ obtained from different combination tests were below 40%. The lowest
AELQ was 30.1% at 350 kPa and 4.8 mm nozzle diameter and the highest AELQ was 37.5%
at 300 kPa and 4.4 mm nozzle diameter (Table 2). This implied that 62.5% to 69.9% of the
applied water was lost as deep percolation below the effective root zone and as surface
evaporation from the cane fields. Megersa (2004) obtained AELQ value ranging from 29%
to 32% for luvisol and 46% to 52% for vertisol in his evaluation at Finchaa sugar estate.

The difference between PELQ and AELQ implies poor operation management of the
system. Low value of AELQ is an indication of management problem. So by alleviating
management problems it is possible to increase the AELQ to PELQ. The best option to
reduce this gap is adjusting the sprinkler set time based on the sprinkler discharge rate
and the water requirement of sugarcane. Ismail et al. (1996) and Lecina et al., (2005) stated
that properly designed and managed sprinkler system can possibly improve efficiency of
the system. As suggested by Nasab et al. (2007) selecting adequate time step and sufficient
irrigation can enhance the actual efficiency of the system to meet the potential efficiency.

Page a0l Volume 7. No 2/2018 | ABLJAR



ABC Journal of Advanced Research, Volume 7, No 2 (2018)

ISSN 2304-2621(p): 2312-203X (e)

Table 2- AELQ determined from four sprinklers test (%)

2.5 bar 3.0 bar 3.5 bar
operating pressure | operating pressure | operating pressure
4.4 mm nozzle diameter 35.1 375 34.3
4.8 mm nozzle diameter 35.5 34.6 30.1

Water distribution uniformity

The evaluation of operating pressure, nozzle size and wind speed on the water
distribution pattern of sprinkler system was obtained by catching water from single
sprinkler and four sprinklers.

Single Sprinkler Test

Table 3 shows the average CU and DU values of a single sprinkler test at different
operating pressure, nozzle size and wind conditions. Over all testing conditions, CU
value ranged from 67.7% at mid-day test to 85.7% at late afternoon test and DU value
ranged from 53.9% to 77.9% were obtained. DU of 53.9% showed that the low quarter
of the area received only 53.9% of the average. This means that under irrigation could
occur in the test area.

Variation in wind speed across the irrigation events is strongly (negative) correlated
with CU and DU except in 300 kPa operating pressure at 4.4 mm nozzle diameter and
350 kPa operating pressure at 4.8 mm nozzle diameter which show weak (negative)
correlation and strongly (positive) correlation with CU and DU, respectively. This
indicating that wind speed is more important than operating pressure and nozzle
diameter. Variation in CU is significantly correlated with DU in all test combinations.

Table 3- CU and DU values for different sprinkler combinations for single sprinkler test

4.4 mm nozzle diameter 4.8 mm nozzle diameter
Operating Wind Wind Wind
- speed | CU (%) | DU (%) | speed | CU (%) | DU (%)
pressure condition
(m/s) (m/s)
Morning 2.82 70.00 59.10 3.22 76.20 63.70
2.5 bar Mid-day 3.18 67.70 54.00 3.39 70.10 53.90
Late afternoon 2.47 74.20 70.10 1.60 85.70 77.90
Mean 2.82 70.63 61.07 2.74 77.33 65.17
St. dev 0.36 3.30 8.23 0.99 7.86 12.07
CV (%) 12.57 4.67 13.47 36.10 10.17 18.52
Morning 3.23 71.80 65.10 3.47 81.50 71.20
3.0 bar Mid-day 3.10 75.90 65.50 2.62 83.50 70.70
Late afternoon 1.94 75.30 65.40 3.05 78.10 60.50
Mean 2.76 74.33 65.33 3.05 81.03 67.47
St. dev 0.71 2.21 0.21 0.43 2.73 6.04
CV (%) 25.76 2.98 0.32 14.1 3.37 8.95
Morning 3.65 72.20 63.10 3.35 80.70 70.30
3.5 bar Mid-day 2.59 76.30 65.50 2.85 71.50 56.70
Late afternoon 2.20 77.70 66.90 3.24 83.90 75.80
Mean 2.81 75.40 65.17 3.15 78.70 67.60
St. dev 0.75 2.86 1.92 0.26 6.44 9.83
CV (%) 26.67 3.79 2.95 8.35 8.18 14.54
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Four Sprinklers Test

By considering the overlap of four sprinklers, the average CU value ranges from 193
71.7% to 86.3%. Highest value of CU was obtained at low wind speed. DU value
ranges from 61% to 80.3% (Table 1). 72% of CU and 55.5% of DU values obtained were
below the recommended 84% and 75% by Keller and Bliesner (1990), respectively. The
uniformity improved as nozzle size increased. Similar result was reported by Abo-
Ghobar and Al-Amoud (1992).

High uniformity was obtained in low wind speed conditions and generally mid-day
test results were lower than morning and late afternoon tests because of high wind
speed occurred at this time. Osei (2009) obtained an average CU and DU values of
87% and 82.8%, respectively in four sprinkler tests. In his study a higher CU was
obtained during higher wind speed. As asserted by Merkley and Allen (2004),
occasionally wind can help improve uniformity as the randomness of wind turbulence
and gusts contribute to smoothening out the distribution pattern. This was also
observed in some combinations of our study, in which uniformity increased with
some increase of wind speed.

Variation in wind speed across the irrigation events is strongly (negative) correlated with
CU and DU in all test combinations except in 350 kPa operating pressure at 4.8mm nozzle
diameter in which variation in wind speed is not correlated with DU. And also variation
in CU across the irrigation events is strongly correlated to DU in all test combinations.

As compared to the single sprinkler test generally the CU and DU values are higher in
four sprinklers test. Water depth applied to fields was increased due to overlapping and
low spots caused by wind distortion were reduced. Montero et al. (2000) stated that higher
uniformity is attained in four sprinkler tests than in single sprinkler tests. This effect may
be reasonable, since when some sprinklers are simultaneously irrigating, both wind speed
and direction may compensate water distribution in different areas.

Water Delivery Performance

Delivery performance ratio (DPR) is the simplest indicator that could be used by irrigation
managers to assess performance of operation. It could be used to assess adequacy as it gives
information on the amount of water delivered in comparison with the amount of water
intended to be delivered at a given location in the field. The ratio of the data generated from
the discharge tests to that of the expected sprinkler discharge was used to compute DPR of
the sprinkler system which is a measure of the system performance. The expected sprinkler
discharge is 1.3 m3/h with an application efficiency of 75%. The average delivery
performance ratio ranged from 0.81 to 1.18 (Table 4). The adequacy level of 1.18 indicated the
delivery is adequate and at least 18% of excess water was discharged. From

Table 4 it can be observed that DPR increased as operating pressure as well as nozzle size
increased. The result of DPR obtained in this study is in agreement with other similar
studies (Megersa, 2004; Ahaneku, 2010).

Table 4: Adequacy of water delivery performance ratio for different sprinkler
combinations

2.5 bar 3.0 bar 3.5 bar
operating pressure | operating pressure | operating pressure
4.4 mm nozzle diameter 0.81 0.83 0.87
4.8 mm nozzle diameter 1.08 1.18 1.11
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Impact of Wind Speed on Water Application Uniformity

Effect of wind speed on water application uniformity was clearly shown that uniformity
coefficient was decreased as wind speed increased. Uniformity coefficients were high in late
afternoon test because of low wind speed at this time. Dechmi et al. (2003a) reported that a
significant portion of CU variability was explained by wind speed alone. Several studies
have shown that wind velocity is the main constraint for sprinkler irrigation which severely
reduces irrigation uniformity and increases evaporation and drift water losses. On the other
hand low wind speed conditions guaranteed for high irrigation uniformity (Dechmi et al.,
2003b; Kara et al., 2008; Playan et al., 2009; Moazed et al., 2010; Yacoubi et al., 2010) which
was also observed in this study. The CU values decreased as the wind speed increased.
Trajuelo et al. (1992) suggested that, in order to obtain a CU value superior to 80% try not to
irrigate with wind speeds higher than 3 m/s on the 18 m x 18 m rectangular spacing.

Effect of wind on water distribution precipitation profile was determined using SURFER
computer program for single sprinkler irrigation. The contour and 3D water distribution
precipitation profile for different combinations is given in Fig. 2. Fields irrigated under high
wind speed have shown that the water distribution was affected by wind and the distortion
followed the direction of wind. Part of the field against the wind direction got less water.
Because of this water distribution was affected and resulted in non-uniform water application.
Random variation of wind speed and direction and the effect of nozzle size and operating
pressure may be the reason for the variation of CU and DU under different wind speeds.

«- S

Fig. 2. Water distribution profiles for different combinations under different wind speed
and direction 532x327mm (96 x 96 DPI)

CONCLUSIONS

The average PELQ varied between 41% to 83.3%. As a result of increased wind speed
PELQ decreased almost in all test combinations. Better results were obtained in morning
and late afternoon time tests relatively when the wind speed was low. The wind speed
significantly correlated with PELQ in all test combinations. Consequently, large amount of
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applied water were lost as deep percolation and surface evaporation due to high climatic
condition. As a result, the AELQ obtained was generally low as compared to the expected
efficiency of sprinkler system.

The highest uniformity coefficient was obtained at 300 kPa operating pressure while the
lowest was obtained at 250 kPa operating pressure. The 4.8 mm nozzle size resulted in
higher water distribution uniformity and it can be concluded that uniformity increased as
the nozzle size increased. In addition, the wind speed is significantly correlated with
coefficient of uniformity and distribution uniformity. Generally the results of CU and DU
obtained were almost lower than the required values. The results of adequacy also indicated
that over irrigation was observed in about 50% of the respective test combinations and the
rest 50% of the test combinations showed under irrigation. Except for some test
combinations, adequacy level is generally satisfactory in order to meet crop water needs.

The result indicated that more attention needs to be paid to the uniformity of the irrigation
system. Even if the effects of wind speed, operating pressure and nozzle diameter is
significant; altering those variables does not lead to the necessary and significant gains in
performance that are required. Therefore, it is important in reducing run time to maximize
AE and reduce the sprinkler spacing to maximize CU.
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