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ABSTRACT

An Effective and efficient sprinkler system is combined effect of proper system design,
careful operation, and timely maintenance and management, and it depends on its actual
performance at field condition. Evaluation of the actual performance of sprinkler irrigation
is very important to know the general status of existing system, and for identifying the gaps
and applying mitigation measures. The Arjo-Didessa sugar factory is producing sugarcane
for about two decades. Sugar cane fields at study area were irrigated irrespective of the soil
type, growing month and stage of crop growth with the design application efficiency of
75%. But, now the system is not working with the full design capacity. In irrigation field
under and over watering, plant showing yellow color and wilt are observed. However the
actual performance of the existing sprinkler system was not clearly understood so far and
evaluated yet; so that evaluating the actual sprinkler performance under existing condition
was very important. Therefore, this study was conducted to assess the existing sprinkler
irrigation performance by measuring the performance indicators of the irrigation as it is
normally practiced. This study was started from field observation and referring design
document of focus area. Primary and secondary data were used to attain the objective of
the study. The soil physical characteristics and the gravimetric water content were
determined in the laboratory using collected soil samples from the field. CROPWAT 8.0
model was used to estimate the CWR and effective rainfall (Pe). During the study, 12 field
experiments were conducted at two irrigation command areas for hydrant pressure of 3.5
and 4.0 bars, to check infield water application uniformity, for both overlapping and single
sprinkler test by installing catch can in grid spacing of 3*3m with three replications. The
result shows, measured irrigation interval and sprinkler set hour was vary through growing
month and stage. Average sprinkler discharge is 0.295 lit/sec which is below design
capacity of 0.54 liter/sec. The mean application rates for 18m x18m sprinkler spacing were
3.27mm/hr. The CU of 72% and 79% obtained at the hydrant pressure of 3.5 and 4.0
respectively. Also DU values obtained from catch can tests data are 62.5% and 69% at
respective hydrant pressure, which indicates at poor range and lower than of minimum
acceptable range. The values of the system CU and system DU are very closely to the
calculated CU and DU values. The catch can data for single sprinkler were overlapped for
different spacing’s. Acceptable value of CU equal to 78% and 81%; and DU of 72% and
77% at operating pressure 3.5 bar and 4.0 bar respectively obtained at 12m x 18m spacing.
The PAE of 74.5% and 80%; and PAELQ of 46.5% and 55.5% were obtained at 3.5 and
4.0bar respectively. The obtained results of the lower quarter adequacy (ADIq) were 0.72
and 0.86 for operating hydrant pressure of 3.5 and 4.0 bar respectively. The current
estimated average AEa was 59.5%. Generally, the result of this study shows, the existing
system performance is poor. The system has to be improved and revised. So that, the
irrigation scheduling based on the actual efficiency was recommended with respect of
growing month and stage of growth. The project should use the best combination of the
hydrant operating pressure and set time to be successful and work as planned.

Key words: Performance Assessment, Sprinkler irrigation, irrigation scheduling,
Uniformity, application Efficiency, Adequacy of low quarter, Arjo-Didessa
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1. INTRODUCTION
1.1. Background of study

Agriculture is one of the world’s most important activities supporting human life. But,
agricultural productivity per capita in sub-Saharan Africa has not kept pace with
population increase, and the region is now in a worse position nutritionally than it was 30
years ago. Food production has achieved a growth of about 2.5% per year, while
population has risen at a rate of over 3% per year. In the past, additional food in Africa
came from increase in the area cultivated, but as good land becomes less available, the
region will be forced to increase yields (FAO, 1995). For Ethiopia, agriculture is the most
important economic sector as it is the main source of population income. Most of the
people of the country are engaged in agriculture and it directly supports 85% of the

population’s livelihoods.

However the agriculture activity in the country still depends largely on rain fed and with
very limited areas currently developed under irrigation. As a result the increase in crop
production does not match with the population growth of the country (Hailegebriel, 2007).
Hence, the irrigation sub-sector has to be given top priority in the overall development
plans of the country with the ultimate objective of enhancing agricultural production and
sustain crop production and alleviate food insecurity problems (MOA, 2011). Both rain fed
and irrigated agriculture will need to be intensified, but irrigated agriculture has a higher
potential for intensification. Irrigation development is essential to inspire the economic
growth and rural development and it is considered as a foundation of food security and

poverty reduction in Ethiopia (Awulachew et. al., 2005).

Ethiopia is one of few African countries endowed with abundant water and land resources
with agricultural potential. The country is gifted with sufficient water resources with 12
river basins and 5.3 million ha (Mha) of land that can potentially be used for irrigation.
(Awulachew et al., 2007). Considering the whole scenario of need and status of
agricultural development in the country, the FDRE has given one of the highest priorities
to irrigated Agriculture. The MoA (2011) reported that about 10-12% of the total irrigable
land is currently under production in different parts of Ethiopia using traditional and

modern irrigation schemes by the government and support of different funding agencies.



The FDRE has launched sugar development program and plan the development of massive
irrigation projects for sugar production in different parts of the country, with a clear
objective of boosting sugar production to satisfy the domestic sugar demand as well as for
any possible export (ESISC, 2012). Accordingly, Arjo-Didessa irrigation is one of the
among new biggest sugar development projects in southwestern Ethiopia which has started
in 2006. Currently, the project cultivates sugarcane on about 5000 ha of land by diverting
Didessa River using surface and sprinkler irrigation, with having future expansion plan of
80,000 ha.

However, due to different environmental and management factors most of these irrigation
schemes are not being exploited fully, and irrigation in general is not contributing its share
to the overall economic development of the country as required. According to Awulachew
et al., (2010a) reports, the irrigation area of the country is 640,000 ha and the actual
scheme performance is estimates on average 36% below design capacity, implying a loss
of about 230,000ha of irrigated land, leading to only 410,000ha irrigated. This shows that,
a gap exists between design and actual performance. The performance of many irrigation
systems is far below their potential mainly because of inefficient irrigation water
management and inaccurate water distribution due to the lack of a monitoring system for
water delivery, poor maintenance and problems associated to input supply and marketing.
These problems have greatly reduced their benefits and challenged their overall

sustainability.

Therefore, in addition to developing irrigation, the irrigation system has to be improved to
attain better efficiency. The development of irrigation and improved agricultural water
management has many potential benefits to reduce vulnerability and improve productivity
(Seleshi, 2010). Improved irrigation practices are a combined result of proper system
design, operation maintenance and management. Adequate and dependable water supply is
needed in order to facilitate irrigation water application in accordance with the biological
and physiological needs of plants. Poorly designed systems have shorter life span and do
not provide the necessary soil- water- nutrient environment for optimum crop growth
resulting in poor yield, reduced quality, or high cost per unit of production when compared
to well-designed systems (Smajstrla et al, 2002). Thus, improving irrigation system using

proper system design with good field water application practice is very important.



The assessment of actual field performances irrigation systems is essentially required
during operation to indicate any defects regarding system operation, water distribution and
water losses. Solomon, (1979) reported that, the evaluation of the system performance in
the field will indicate both the location and magnitude of water losses that are occurring, as
well as, how to improve the irrigation system and its operation. Awulachew et al. (2010a)
reported that assessing irrigation performance and improving low-performing irrigation
system requires incorporating applied research on irrigated agriculture. The present study
concentrates on assessment of actual performance of sprinkler irrigation system at Arjo-
Didessa sugar project and initiated to understand the main factors or variables affecting the
existing sprinkler system. Assessing the actual performance and identification of gaps
plays vital role in enhancing and to improve existing system and irrigation sector of the

country.

1.2. Statement of Problem

The ability of the irrigation system to apply water uniformly and efficiently to the irrigated
area is a major factor influencing the agronomic and economic viability of the production
system. According to FAO, (1996), Poor management of available water for irrigation,
both at system and farm level has led to a range of problems and further aggravated water
availability and has reduced the benefits of irrigation investments.

Arjo-Didessa sprinkler irrigation system is in operation for the last 15 years since 2006.
The project after the start of cane plantation activity, it faces problems related to field
irrigation practice and management. Many authors wrote that crop water requirements are
varies with crop growing stage, month and climate, but the existing project practices
uniform/fixed irrigation schedule. A practice of uniform irrigation scheduling without
considering the soil type, growing month, and stage of crop growth causes moisture stress

and may reduce the expected cane yield per hectare.

Additionally, According to field visit done by walking in existing irrigation project site,
Leakage of field pipes connections, breakage of system components, noisy pumps, blocked
screens/filters, blocked and broken of sprinklers and pressure gauges and poor service and
maintenance also observed. Due to these problems off-target irrigation and ponds, under
watering in some fields, some areas gets satisfactory water and over watering in most

fields, thus, as a result under developed and non-uniform cane growth, showing yellow
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color, wilting and retarding growth are observed. Thus identifying the common problem
and improving system performance is very important; this needs the special attention of

actual performance assessment by researcher and irrigation professionals.

So far in Arjo-Didessa sugarcane Irrigation project, there was no previously critical
research done on the actual performance of the existing sprinkler irrigation system
regarding the above stated irrigation problems based on the recommended standard
procedures. Therefore, this study was conducted with broad objectives to assess existing
practices and estimate field water application performances of Arjo-Didessa sprinkler
irrigation system. In this study the level of existing actual sprinkler irrigation performances
was evaluated and compared with the targeted potential performance level during design
period. The common problems for existed gap between its actual and potential were

identified with potential recommendations for improving the performance.

1.3. Objectives

1.3.1. General Objectives

The main objective of this study was to assess the existing sprinkler irrigation system
installed in Arjo-Didessa sugar factory irrigation scheme.

1.3.2. Specific objectives

More specifically, this study addressed the following specific objectives:
+ To assess the existing irrigation practices and performance of sprinkler irrigation
system
+ To determine in-field water application efficiencies and uniformities of the existing
sprinkler irrigation system
+ To identify gaps and the cause of low performance of the existing sprinkler irrigation

system

1.4. Research Questions

v" What is the extent of performance of the existing sprinkler irrigation in Arjo-Diddessa
sugar factory irrigation system in terms of its potential and existing practices?
v" What is the level of the system in terms of water application uniformity and efficiency?

v" What are the limiting factors which affect potential performances of the system?



1.5. Significance of study

The study was significant for the improvement of irrigation practices of Arjo-Didessa
irrigation project and has a great contribution both to the irrigation users and system managers.
This document provides useful information on appropriate sprinkler irrigation operation and
system design, and improvements for efficient water use. The evaluation of the performances
of the irrigation system based on identifying the problems associated with water ineffective use
and its remedial solutions will help in planning the project management and overall
productivity of the irrigation scheme. The study also provides important guidelines for the
other similar sugar development projects on relevant irrigation practicing facts farm areas.
Furthermore, this study will be baseline information for the future studies on irrigation system

in other similar areas.

1.6. Scope of the Study

The study was focus the assessment of sprinkler irrigation system performance installed at
Arjo-Didessa sugar factory and it encompasses evaluating the performance in terms of
water application efficiency and uniformity. The study limited on some of different
parameters for evaluation of existing irrigation system, parameters like application rate,
coefficient of uniformity, distribution uniformity, and potential application efficiency of
low quarter. The study includes irrigation scheduling, identification of gaps for efficient

resource utilization of sprinkler irrigation system.



2. LITERATURE REVIEW
2.1. Overview of Irrigation System

Irrigation is an artificial application of water to the land, to provide adequate moisture in
accordance crop water need for crop production (Solomon, 1990). FAO, (1995) also
defined irrigation as, the application of water to agricultural crops by artificial means,
designed to permit farming in arid and semi-arid regions and helped to increase
agricultural production in developing countries. Irrigation includes the development of the
water supply, the conveyance system, the method of application, and the waste water
disposal system, along with the necessary management to achieve the intended purpose
(USDA, 1984). These therefore underline the importance of irrigation in attaining crop
production targets. Thus irrigation development particularly will be an important
component of diversification and expansion strategy to strengthen food security in the

future.

However, irrigated agriculture can be considered as sustainable if it is every time achieves
high productivity without damaging the physical and social environment. If wise utilization
and management strategies are not properly implemented; irrigation projects caused
serious damage to the environment like salinity and water logging, fertile soil has been
removed by flooding and erosion. Thus, the future base of the existing and the coming
generation, particularly the land and water resources have been at risk alarmingly
(Solomon, 2016).Therefore, the accessibility of irrigation water is not alone significant for
reliable and sustainable food security development, poverty reduction and reducing poor

crop yield per hectare.

Management activity is a major component of success for any irrigation scheme
(Depeweg, 1999). It is important to manage soil moisture to promote desired crop
response, minimize irrigation induced erosion, decrease non-point source pollution of
surface and groundwater resources, manage salts in the crop root zone and manage air, soil
or plant micro-climate (ISUST, 2006). According to U.S Bureau of Reclamation (2005),
“Irrigation Water Management” means management of irrigation water on the farm
through the act of timing and regulating irrigation water application in a way that will
satisfy the water requirement of the crop without washing water, soil and plant nutrients

and degrading the soil resource.



According to USDA (1999), irrigation methods are categorized under two broad system
types: gravity or surface, and pressurized systems which are characterized by the mode of
transport of the water onto the point of application. Surface irrigation is the process of
introducing a stream of water at the head of the field and allowing gravity to spread the
flow over the surface throughout the field. In a pressure irrigation method, the water is
given to soil through a network installation consisting of closed pipes, fittings and other
devices properly designed to supply water under pressure from the source to the fields.
Pressurized methods further can be categorized as sprinkler irrigation with water delivered

through nozzles, and drip irrigation with water delivered through tubes and emitters.

2.2. Sprinkler Irrigation System

In a sprinkler system, water is applied to the soil or crops in the form of spray, somewhat
as an “artificial rain” through a pipe network to sprinklers nozzles or jets. As such the
sprinkler irrigation is also sometimes known as overhead irrigation (Yoshida et al, 2004).
Sprinklers irrigation, broadly categorized into continuous-move systems and set-move
system (Keller and Bliesner, 1990). In set systems, the sprinklers are stationary while
irrigating, whereas while in case of continuous-move systems, sprinklers move in either
straight or circular paths. The major types of continuous-move systems are center-pivots,
traveling-gun or boom sprinklers, and linear move (sometimes referred to as lateral move).

The set-move system is further sub-divided into portable and periodic-move systems.

The major types of periodic-move systems are hand-move later, end-tow, and side-roll
laterals; side-move laterals, with or without trail lines; and gun and boom sprinklers
(USDA, 2016). In this study area, the periodic hand-move lateral sprinkler system is used,
the risers connected using plastic hose and laterals are moved manually between irrigation

sets. Sprinkler head is overhead fully rotated impact type attached with two nozzle size.

In Ethiopia Sprinkler Irrigation is practiced to a limited extent for growing horticultural
crops around Ziway, in Tana Beles, Wonji showa irrigation project and for development of
large irrigated sugarcane plantation for Fincha’a Sugar Factory and Arjo-Didessa sugar
development projects. Now days it has been becoming the major component in
supplementing the natural rainfall for food and industrial raw material production and for
production of market based agricultural products, such as flower farms owned by private
sectors (Negash, 2009).



2.2.1. Advantages of Sprinkler Irrigation Systems

The sprinkler irrigation can be used for all the crops except rice and jute and for all the

soils except very heavy soils with very low infiltration rates (Modi, 2000). The most

advantages of sprinkler irrigation system were summarized as according to (Keller and

Bliesner, 1990; and NRSC, 2016):

= Water savings systems with high application efficiency; Small, continuous streams of
water can be used effectively and light, frequent watering can applied efficiently.

= Uniform application of water is attained and high application efficiency.

= Adaptability to various land topographies, soils with intermixed textures, and the
amount of water applied because of the wide ranges of sprinkler discharge available.

= Labour requirements which reduce relative to the system being employed; from hand-
moved to fixed systems down to automated systems.

= Surface runoff and erosion can be eliminated

= Achieving other special tasks such as modifying/controlling extreme weather
conditions, supplementing erratic rainfall and leaching of salts from saline soils and,

* No land leveling is required, thus land preparation and labour cost is reduced...etc.

2.2.2. Limitations of Sprinkler Irrigation Systems

Sprinkler irrigation has also its own limitation, Relatively high initial costs, compared to
surface irrigation methods, windy and excessively dry locations appreciably lower
sprinkler irrigation efficiency, wind may distort the sprinkler pattern (it affects the water
application uniformity), clogging of sprinklers due to unclean water and entrance of debris,
heavy soils with poor intake capacity cannot be irrigated efficiently (Modi, 2000; NRSC,
2016). Irrigation systems are normally designed to satisfy equipment specifications
provided in manufacturers’ charts. However, information presented in manufacturers’
charts is obtained under controlled or still wind conditions and is based on average
operating conditions for relatively new equipment. The discharge rates and precipitation
rates, and therefore performance, change over time as equipment ages and components

wear due to rust (Keller and Bliesner, 1990).

Sprinkler irrigation designs that neglect prevailing field/crop characteristics and
environmental factors can lead to poor system performance. Consequently, equipment

should be field calibrated regularly to ensure that application rates and uniformity are



consistent with values used during the system design and those given in manufacturers’
specifications. Careful design, management and proper practice must be exercised to
obtain the high potential performance from sprinkler irrigation and for realizing the
benefits of sprinkler irrigation over the system lifetime. Hence, regular evaluation of
irrigation systems is of essence to the maintenance of the systems for optimal performance
at the designed parameters (Ascough and Kiker, 2002).

The objectives of any irrigation system are to deliver irrigation water in the right amount
(size, frequency, and duration), at the right place, at the right moment. But, irrigation
system has inherent application limitations that make field calibration critical for efficient
use of water resources. Irrigation water management is vital for determining and
controlling the volume, frequency, and application rate of irrigation water in a planned and
efficient manner. Good sprinkler irrigation requires an understanding of soil-water-plant
relationships and that irrigation timing and amount depends on soil water holding capacity,
weather, and crop growth progress (Ascough and Kiker, 2002).

2.3. Estimation of Crop water requirements (CWR) and CROPWAT Model

2.3.1. Reference Evapotranspiration (ETo)

The evapotranspiration rate from a reference surface, not short of water, is called the
reference evapotranspiration (ETo). FAO, (1980) define reference evapotranspiration as,
the rate of evapotranspiration from an extended surface of 8 to 15 cm tall green grass cover
of uniform height, actively growing, completely shading the ground and not short of water
The only factors affecting ETo are climatic parameters. Consequently, ETo is a climatic
parameter and can be computed from weather data. ETo expresses the evaporating power
of the atmosphere at a specific location and time of the year and does not consider the crop
characteristics and soil factors (Allen et al., 1998).

There are a number of methods to estimate ETo. However, the methods vary based on
climatic variables required for calculation. Direct measurement in the field is laborious and
time consuming. Consequently a large number of estimation methods have been
developed. The four most widely known and used are the Blaney-criddle, Radiation,
Penman and Pan Evaporation methods. Among them the Penman method recently further
refined as modified FAO Penman Monteith method is generally recommended as the sole

standard method. It is a method with strong likelihood of correctly predicting ETo in a
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wide range of locations and climates. It also has provision for application in data-short
situations and best for mean estimates over short periods of about 10 days (FAO, 1998).
The use of older FAO or other reference ET methods is no longer encouraged. The FAO
Penman-Monteith method requires radiation, air temperature, air humidity and wind speed
data (Allen et al., 1998) as defined equation 2.1;
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Where; ETo = reference evapotranspiration [mm day-1],_Rn = net radiation at the crop

surface [MJ m-2 day-1],_ G = soil heat flux density [MJ m-2 day-1],_ T = mean daily air
temperature at 2 m height [°C], u, = wind speed at 2 m height [m s-1],_es = saturation
vapour pressure [kPa],_ea = actual vapour pressure [kPa],_es - ea = saturation vapour
pressure deficit [kPa],_A = slope vapour pressure curve [kPa °C-1], and y = psychrometric
constant [kPa °C-1].

2.3.2. CROPWAT Model

CROPWAT 8.0 is a decision support computer program tool based on a number of
equations, developed by the Land and Water Development Division of FAO, which is
designed to calculate CWR, effective rainfall, irrigation scheduling, and irrigation
requirement (IR). The program includes/requires monthly inputs of local climate and
rainfall data coupled with general data for various crop features and soil properties to
calculate ETo, effective rainfall and allows the development of irrigation schedules for
different management conditions and the computation of scheme water supply for different
crop patterns (FAO, 2018). The advantage of using the CROPWAT model as a tool for
assessing crop water use is that it is simple and easy to use, and its data requirements are
less intense than those of other dynamic models such as ARCU, WOFORST and DSSAT.
According to Vozhehova.., et.al, (2018), the CROPWAT 8.0 software application is an

interesting and modern tool for agricultural water management.

2.3.3. Crop Evapotranspiration (ETc)

The ETc differs distinctly from the (ETo) as the ground cover, canopy properties and
aerodynamic resistance of the crop are different from grass. FAO (1984) defined crop

water requirements as ‘the depth of water needed to meet the water loss through
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evapotranspiration of a crop, being disease-free, growing in large fields under non
restricting soil conditions, including soil water and fertility, and achieving full production
potential under the given growing environment. The values of CWR and Crop
Evapotranspiration (ETc) are identical, whereby ETc refers to the amount of water lost
through evapotranspiration and CWR refers to the amount of water that is needed to
compensate for the loss.

In short, the crop water requirement (crop evapotranspiration, ETc) is calculated by
multiplying the reference evapotranspiration, ETo, by corresponding crop coefficient, Kc.
(Allen et al., 2011).

ETC = ETO% KC.ooooveeoee oo (2.2)

Usually, the determination of crop coefficient (Kc) involves the knowledge of crop type
and date of sowing, length of the total growing season and the durations of initial, crop
development, mid-season and late season stages of the crop along with climatic data such
as wind speed and humidity. The Kc factor serves as an aggregation of the physical and
physiological differences between crops and the reference definition. FAO Irrigation and
Drainage Paper No. 24 recommended different Kc value for sugarcane depend on varying
relative humidity, crop age and growth stage, as summarized in table 2.1
Table 2.1 Sugarcane Crop coefficient (Kc) value (source FAO, 1992)

Cane age Growth stage RH>70% RH<20%

12 24 month Light to Strong Lightto | Strong

month mod. wind mod. wind
wind wind

0-1 0-2.5 Planting to 0.25 full canopy 0.55 0.6 0.4 0.45

1-2 2.5-3.5 0.25-0.5 full canopy 0.8 0.85 0.75 0.8
2-2.5 3.5-4.5 0.5-0.75 full canopy 0.9 0.95 0.95 1.0
2.5-4 4.5-6 0.75 to full canopy 1.0 1.1 1.1 1.2
4-10 6-17 Peak use 1.05 1.15 1.25 1.3
10-11 17-22 Early senescence 0.8 0.85 0.95 1.05
11-12 22-24 ripening 0.6 0.65 0.7 0.75

The Kc concept was introduced by Jensen (1983) and is widely discussed and refined by
the FAO in its Bulletin-56 Irrigation and Drainage Paper, (Allen et al., 1998). The effects
of characteristics that distinguish field crops from grass are integrated into the crop

coefficient (Kc).
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2.4. Determining Irrigation Requirement
2.4.1. Effective Rainfall

In determining irrigation need, the effective rainfall is subtracted from crop
evapotranspiration. According USDA, (1967), effective rainfall refers to that portion of
rainfall that can be stored in effective crop root zone and used by plants. It is not include
rainfall lost through Runoff (RO) and Deep Percolation (DP). Rainfall for each period will
vary from year to year and therefore, rather than using mean rainfall data, a dependable
level of rainfall should be selected. FAO (1998) defined dependable rainfall, as the
amount of rainfall which can be depended upon in 1 out of 4 or 5 years corresponding to a
75% or 80% probability of exceedance and representing a dry year. Monthly dependable
rainfall, as well as rainfall in wet, normal and dry years, defined as the rainfall with a
probability of exceedance of 20, 50 and 80% respectively, representing a wet, normal and
dry year were evaluated. These values are useful for the design of the irrigation system
capacity, programming of irrigation supply and simulation of irrigation management
conditions (Doorenbos and Pruitt, 1977). The dependable rainfall (80%) is normally used

for the calculation of storage reservoir capacity and main irrigation canals.

To calculate rainfall probabilities, minimum of (15 - 30) year’s rainfall record range is
required (Doorenbos and Pruitt., 1977). Estimates of the respective rainfall data was
obtained by computing and plotting probabilities from the rainfall records using the simple
ranking method as described by Doorenbos and Pruitt (1977). CROPWAT version 8.0 is
the best model for estimation of effective rainfall from data input of estimated dependable
rainfall. To account for the losses due to runoff or percolation, a choice can be made of one
of the four methods given in CROPWAT 8.0 (Fixed percentage, Dependable rain,
Empirical formula, USDA Soil Conservation Service). The United States Department of
Agriculture (USDA) soil conservation service (SCS.) method is satisfactory and can be

applied for field use after verification in a given situation (FAO, 2009).
2.4.2. Net irrigation requirement

Irrigation requirements (IR) refer to the water that must be supplied through the irrigation

system to ensure that the crop receives its full crop water requirements FAO (2010). If

irrigation is the sole source of water supply for the plant, the irrigation requirement will

always be greater than the crop water requirement to allow for inefficiencies in the
12



irrigation system. If the crop receives some of its water from other sources (rainfall, water
stored in the ground, underground seepage, etc.), then the irrigation requirement may be

considerably less than the crop water requirement

According to the same report, water requirement of sugarcane depends on the agro-
ecological conditions, cultivation practices adopted and crop cycle (12-24 months) and it
varies from about 1300 mm to 2500 mm evenly distributed over the growing season. Abdel
Wahab (2005), reported that the water required by sugarcane increased gradually with
plant growth stage, and the quantities of irrigation water required in the crop root zone
amounted to 17220 and 20570 m*/ha/season for ratoons and plant cane, respectively. Net

irrigation requirement is derived from field balance equation;

NIR = ETC— (Pe + Ge + W) + LR ...vvvreeeeieeeeeeeeeeeeeeeeee, Eqn. (2.3)

Where, NIR= is net irrigation requirement, ETc= crop evapotranspiration, Pe= effective
rainfall (mm), Ge= ground water contribution from water table (mm), Wb= soil water
used, and LR= leaching requirement. The contribution from the groundwater table is
determined by its depth below the root zone, the capillary properties of the soil and the soil
water content in the root zone. Very detailed experiments will be required to determine the

groundwater contribution under field conditions (Doorenbos and Pruitt, 1977)

2.5. Irrigation Scheduling

Irrigation scheduling is often defined as, the science of determining “when to irrigate” and
“how much” of water to apply. The purpose of irrigation scheduling is to determine the
exact amount of water to apply to the field and the exact timing for application. The major
objective of irrigation is to produce optimum economic return through increased
productivity by maximizing water use efficiency while reducing irrigation costs (Shock,
2003).The amount of water applied is determined by using a criterion to determine
irrigation need and a strategy to prescribe how much water to apply in any situation. Hence
the importance of irrigation scheduling is that it enables the irrigator to apply the exact

amount of water to achieve the goal. This increases irrigation efficiency.

According to Chala., (2018), seasonal and monthly crop water requirement and irrigation
water requirement of sugarcane vary from month to month with growth stages, harvesting
and first watering month. Applying fixed amount of irrigation water at a fixed frequency
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throughout the growing season to soils having different water holding capacities possibly
lower water use efficiency and decline yield and make irrigation scheduling(depth of
application, irrigation period and irrigation interval) more complex in terms of
practicability and probably incur additional cost. Proper irrigation scheduling as per soil
water holding capacity, crop water demand based on growth stages, especially, during
critical stages of water requirement of sugarcane crop, is important for efficient use of

available water and improved yield.

2.5.1. Depth of Irrigation (Dn)

Depth of irrigation application is the depth of water that can be stored within the root zone
between field capacity and the allowable level the soil water can be depleted for a given
crop, soil and climate. It is the fraction of TAW that a crop can extract from the root zone
without suffering water stress and it is equal to the readily available soil water over the root
zone (James, 1988). The moisture deficit (d) in the effective root zone is found out by
determining the field capacity moisture contents and bulk densities of each layers of the
soil. Total available water (TAW) is the amount of water that a crop can extract from its
root zone, and its magnitude depends on the type of soil and the rooting depth. To
determine the total available water (TAW, mm) in each soil profile, considering one value
of bulk density for each of the soil types. The following equation was used for this purpose
(Walker and Skogerboe, 1987; Allen et al, 1998):

n
TAW = 102 (FCi — PWPi) xpi*Drzi ..o cev vev cev e oo .. Eqn. (2.4)
i=1

DN =RAW STAW*P. ... Eqn. (2.5)

Where: TAW: Total available water (mm), FCi = Moisture content of soil horizon i at field
capacity (%); PWPi = Moisture content of soil horizon 1 at wilting point (%); pi = bulk
density of the soil horizon i (g/cm®), Drzi: Depth of soil horizon i (cm)and, n = number of
layers in the root zone. Where, Dn = Net depth of application in (mm) RAW =the readily

available soil water in the root zone [mm], and P is allowable depletion factor (%).

Previous studies of Habib (2004) and Solomon (2010) has considered the maximum
rooting depth of 1.0 meter for Metahara sugar estate to calculate water application depths
in each soil types of the estate. Similarly, in their study the maximum rooting depth of 1m
and the optimum factor of depletions for sugarcane was in between 0.50 to 0.65 used
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which was also proposed by Booker Tate (2009) for Metahara sugar estate soils, and in
agreement with recommended 0.55 by Rao (1990) and 0.65 by FAO (1979)

2.5.2. Irrigation Interval (1)

Sugarcane is one of the most water demanding crops after rice. It is frequently criticized
for its high water consumption. Frequency and depth of irrigation should vary with growth
periods of the cane (Michel, 2008; FAO, 2010). Irrigation interval is defined as the
frequency of applying water to a particular crop at a certain growth stage and is expressed
in days. According to Mishra and Ahmed (1990), irrigation interval is calculated by:

_ AMD or Dn
- ETC MEE EEE EEE EEE EEE EEE AR EEE EEE EEE EEE EEE
Where, |1 is irrigation interval in days, AMD = allowable moisture depletion which is

II v e EQN(2.6)

similar to net depth of application or readily available moisture (mm); ETc = daily water
use or CWR, mm/day,

D
set time = I_gg SRR 21¢ ) N (V)

Where; Set time in hour, Dg is gross application depth (mm), Ig is sprinkler application
rate (mm/hr). Dg is calculated as a ratio of net depth of application to sprinkler actual

application efficiency.

2.6. Performance Assessment of Sprinkler Irrigation System

Aberenethy (1986) describes the sprinkler irrigation performance as the degree to which a
system achieves its objectives; the effectiveness of the physical system and operation
decisions to deliver irrigation water from a water source. Maheshwari, (1993a) also defined
the performance of a system as its efficiency, understood as the relation between actual
results versus the expected results of the system (inputs and outputs). An efficient sprinkler
system is a combined result of proper system design, careful operation, and timely
maintenance, and depends on its actual performance at field condition. Thus, actual on-
farm irrigation systems and operations need to be measured to determine the potential
performance of the systems as designed and the actual performance that is obtained with
present management (Merriam et al., 1983).

According to USDA, (2016), the sprinkler irrigation system is designed based on the
expected potential performance, before installation, based on an analysis of a proposed
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system layout and configuration, the calculated design performance also presupposes
correct operating parameters and maintenance of the system. In contrast, the actual
performance is measured in the field on an existing sprinkler system based on the current
actual operating condition, for the purpose of comparisons and the identification of
changes that could be made to improve the system performance. The two major approaches
to performance evaluation consider how well service is being delivered and the outcomes
of irrigation in terms of efficiency and productivity of resource use. This helps to identify
why a scheme is performing in a particular way, which in turn imply means of

improvement (Clemmens and Molden, 2007).

According to Molden et al., (1998) performance is assessed for a variety of reasons:
determining the elements which cause trouble to the system, to assess the general health of
a system, to better understand determinants of performance, to understand cost
effectiveness and financial viability of the system, to compare the performance of a system
with others or with the same system over time, to improve system operations and
management. Bos et al., (2005) also describes the purpose of performance evaluation is to
achieve an efficient and effective use of resources by providing relevant feedback to the
scheme management at all levels, and to ensure that the system functions as described in
the design report and whether the system was installed according to plan. Performance
evaluation result provides the information required for design, model validation, and then
suggest improvements to the operation of the system and management practices. It assists
the system management or decision makers in determining whether performance is
satisfactory and, if not, which corrective actions need to be taken in order to improve the
situation (Julaia, 2009).

2.7. Performance Indicators of Sprinkler Irrigation system

The monitoring of the performance of sprinkler irrigation systems requires the
measurement of system variables and the calculation of performance indicators. To assess
the performance it is important to confirm the indicators selected in respect to the
objectives established for that irrigation system. A good indicator tells a manager what
current performance of the system is, and, in combination with other indicators, may help
to identify the correct course of action to improve performance within that system
(Clemmens and Molden, 2007). According to Merriem et.al (1999), there are three

performance parameters which are important when reporting on the evaluation of an
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irrigation system. These are adequacy of irrigation, irrigation efficiency and application
uniformity. All of these parameters are discussed in the following sections.

2.7.1. Irrigation efficiency

The principal objective of evaluating sprinkler irrigation systems is to identify
management practices and systems that can be effectively implemented to improve the
irrigation efficiency. Wolters and Bos (1989) state that; efficiency is generally defined as
the dimensionless ratio of output divided by input. Fairweather et al., (2003) concur with
this definition and cite Barret Purcell and Associates (1999) as correctly pointing out that
efficiency is in fact a dimensionless term obtained by dividing values which have the same
units. However, in the context of irrigation there is much confusion with respect to the

definition of efficiency.

This is due to the fact that efficiency can mean different things to different people. There
are publications which document the evolution of efficiency terms and performance
concepts used in the irrigation industry (Wolters and Bos, 1989; Fairweather et al., 2003;
Ascough, 2004) and a wealth of publications reviewing efficiency terms which researchers
believe are relevant within the field of irrigation (Heerman et al., 1990; Clemmens et al.,
1995; Burt et al.,1997; Pereira, 1999; Purcell and Curry, 2003; Page Bloomer and
Associates, 2006).

The “confusion” surrounding the efficiency terms has lead to some countries and
international institutions, to attempt to clarify and standardize the relevant terms used. One
of the most comprehensive initial attempts was carried out by the American Society of
Civil Engineering (ASCE) Task Committee on Defining Irrigation Efficiency and
Uniformity, which published a variety of papers on the subject, clarifying common points
of confusion and proposing methods where by the accuracy of numerical values of the
performance indicators can be assessed (Burt et al., 1997). This committee favored the
irrigation water balance approach, which determines the fate of the various fractions of the
total irrigation water applied, by defining terms such as consumptive and non-consumptive

use, beneficial and non-beneficial use and also reasonable.

Although there are variant definitions of irrigation efficiency, they can be grouped into

three main categories: irrigation efficiency, application efficiency and distribution
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efficiency (Landwise Inc., 2006). The International Commission on Irrigation and
Drainage (ICID) is currently drafting a paper titled “Efficient Irrigation; inefficient
communication; flawed recommendations”, which also seeks to propose a framework on

consistent terminology and definitions (ICID, 2006).

Burt et al., (1997) stated that efficiency terms are, in principal, difficult to evaluate rapidly
and require a detailed inventory and quantification of the ultimate destinations and uses of
applied irrigation water that was applied. In order to overcome this difficulty, single event
efficiency is described which enables the performance of an irrigation system in the field to

be assessed by how efficiently the system satisfies a perceived need.

According to Landwise Inc, (2006), irrigation efficiency relates to the fraction of water
applied to a field that is really utilized beneficially by the crop. The measurement of
‘beneficial use’, however, is only attainable on long term basis rather than a single event.
So in defining ‘beneficial use’ the boundary area is very critical. This single event
efficiency is known as the Application Efficiency (AE), which is based on the concept of
meeting a target irrigation depth for that event, as interpreted by Burt et al., (1997). The
Burt et al., (1997) equation is defined in Equation 2.8.

average depth of irrigation water contributing to TARGET
AE = — _ X100 ....Eqn (2.8)
Average depth of irrigation water applied

The application efficiency provides a general indication of how well an irrigation system
performs its primary task of delivering water from the conveyance system to the crop.
Samir M., (2003) stated that, Irrigation efficiency is influenced by the system design and
management, which can be divided into two, 1) water losses which are predominately
affected by management; and 1) Water lost in the form of non-uniform distribution over
the field, which is predominately affected by system design.; A non-uniform distribution
not only can deprive portions of the crop of needed water, but, furthermore, can over-
irrigate portions of a field, leading to water-logging, plant injury, salinization, and transport
of chemicals to the ground water (Solomon 1983). Thus, how well the applied water is
used, is the important issue of how uniformly this water is distributed to the crop or the

soil.

Total irrigation efficiency should be evaluated in terms of the movement of water from its
source to the root zone of the irrigated crop. Sprinkler irrigation industry indicates that
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10% to 25% of the irrigation water leaving the sprinkler is lost between the sprinkler
nozzle and the root zones (Kohl, Kohl, and Deboer, 1987). This loss is attributed to a
combination of wind drift and spray evaporation, which together account for the

application efficiency.

It must be noted that the potential application efficiency(AE) for sub-surface drip can be
quite difficult to determine using standard evaluation methodology; however, studies have
shown that on average, AE values of over 80% can be regularly attained. This can be
attributed to the fact that water can be applied by the system, to a specific point for a

specific period of time and therefore only applies water when needed (Magwenzi, 2000).

2.7.2. Adequacy of Irrigation

Adequacy (AD) is the ratio of delivered amount of water to the required amount (Cuenca,
1989).The fraction of the field that receives more water than the net irrigation requirement
is said to be over irrigated. The remaining fraction of the field is under-irrigated. The depth

of applied water in excess of the net irrigation requirement goes to deep percolation.

For a single irrigation event it is appropriate to include a parameter which determines how
well the required depth of water has been satisfied. In many cases managers and
researchers are interested in the low-quarter depth just equaling the required depth, this is
termed the low-quarter adequacy (ADIq), and is given by (Burt et al., 1997):
ADlq = dlq X100 E 2.9

q= dreq TR 17 | N ¢A°)
Where: dlg: low-quarter distribution uniformity, Dreq:-is the required depth for all
beneficial uses [mm]. Ascough (2004) states that with this definition, if ADIq < 1 indicates

under-irrigation, and an ADIq > 1 indicates over-irrigation.

Another form of interpretation of adequacy is the graphical concept and can be defined as
the percentage of the field that is fully irrigated. Figure 1 illustrates the concept (English,
2000; King et al., 2000; Magwenzi, 2000). The shape and slope of Figure 2.1 is determined
by the uniformity of applied water. The more uniform the application the more level of the

curve. As more water is applied more of the curve will be above the irrigation requirement

19



line, and so the adequacy will be higher. This format can be used to examine the
relationship between adequacy, efficiency and uniformity (English, 2000).

Actual depth applied

Deep percolation

’. A itress
l
™

Application depth

Adequacy of
irrigation

Desired application depth ]

o ) &0
Percent of field area

Figure 2.1 Spatial distribution of applied water (English, 2000)

Megersa (2006) stated that on his research title of evaluating the adequacy performance of
the dragline sprinkler irrigation system at Finchaa Sugarcane Plantation, the adequacy of
irrigation performance was measured actually at field condition considering three operating
hydrant pressures (4.0, 4.5 and 5.0 bars) and two sprinkler nozzle sizes (2.4mm x 4.4mm
and 2.4mm x 4.8mm). The authors has concluded that the dragline sprinkler irrigation
system was used excess irrigation water application more than the crop net irrigation
requirement and soil moisture deficit, especially for the 2.4mm x 4.8mm nozzles sprinkler
at all pressure ranges considered, this consequence leaching of soluble nutrients and rise of
groundwater. The later might lead to drainage problems, which requires the construction of

expensive drainage.

According to Solomon, (1990), inadequate water results in high soil moisture tension, plant
stress and reduced crop yields, whilst excess water may also reduce crop yield through
mechanisms such as leaching of plant nutrient s, increased disease incidence or hindered

growth of commercially valuable parts of crops.

2.7.3. Irrigation Uniformity

Irrigation uniformity is how evenly water is distributed to different areas of the field.
Solomon (1992) wrote that irrigation uniformity actually refers to the variation, or non-

uniformity in the amounts of water applied to locations within the irrigated area. Therefore,
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(Kelley, 2004 as cited in Osei, 2009) asserts that irrigation uniformity is a concept that all

areas within an irrigated field received the same amount of water.

Keller and Bleisner (2000) noted that the uniformity of sprinkler irrigation is a central
design goal. Since no irrigation system can apply water precisely to the entire field, thus it
becomes necessary to estimate the uniformity of water application in order to assess the
system performance. According to (Dalton and Raine, 1999); an important component of
the evaluation of in-field irrigation system performance is the assessment of irrigation
uniformity. Irrigation uniformity is thus an important management factor necessary for
achieving high irrigation efficiency. It has been found that raising the irrigation uniformity
from 70% to 90% allows half as much area to be irrigated adequately with a given volume
of water. As a result, irrigation uniformity can be a good indication of potential irrigation
efficiency, and is easier to quantify and measure (Baum et al., 2005). The two most
common method of expressing quantitative measures of Irrigation Uniformity are the

coefficient of uniformity (CU) and distribution uniformity (DU).

2.7.3.1. Christiansen’s Uniformity Coefficient (CUC)

Irrigation systems should apply water in the most efficient way possible to prevent
unnecessary losses and water wastage. In order to achieve this, the uniformity coefficient
with which the irrigation system applies water will have to be high (Burt et al.,, 1997).
Coefficient of uniformity is a measure of non-uniformity of water application for a given
sprinkler head, nozzle type, operating pressure and sprinkler spacing combination. It is
measurable index of the degree of irrigation uniformity obtainable for any size of sprinkler
under given conditions (Solomon, 1992).

Specific quantitative study of sprinkler irrigation uniformity started with the work of
Christiansen in 1942. Dalton and Raine (1999) found that a wide range of irrigation
uniformity coefficients are used when evaluating performance of irrigation systems and
that one of the basic measures of any irrigation system’s performance is Christiansen’s
uniformity coefficient (CU). The CUC is computed from field observations of the depths
of water caught in open cans placed at regular intervals within a sprinkled area. This
coefficient measures the average deviation from the mean application depth. Hence, for a
perfectly uniform application the CU is 100%, which is impossible to achieve on a field

scale due to equipment deficiencies and limiting environmental factors.
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The mathematical relationship for CU as proposed by Christiansen (1942) is;

n_glxi—x

CU = (1.0 - M) £ 100 cv. coe e e e e e e e Eqm (2.10)
nx

Where, xi = depth of water in catch can, mm, x = mean depth caught in mm, and n =

number of sample (catch can).

2.7.3.2. Distribution Uniformity (DU)

Distribution uniformity is usually defined as a ratio of the smallest accumulated depths in
the distribution to the average depths of the whole distribution (Ascough and Kiker, 2002).
This uniformity measure is also called low-quarter distribution uniformity and it is often
used to quantify irrigation uniformity of surface systems (King et al, 2000). The DU
coefficient takes into account the variation of can readings from the mean but concentrates
on the lowest 25% of readings. According to Pereira et al., (2002), the DU of an irrigation
system depends both on the system characteristics and on managerial decisions. It gives an
indication of the magnitude of the uneven distribution and can be defined as the percent of
average application amount in the lowest quarter of the field. In order to determine whether
the system is operating at acceptable efficiency, DU (of low quarter) will be calculated.

Merriam and Keller (1978) defined distribution uniformity coefficient:

xavlq
DU = ( ) 3 N o7 (X % |
xav

Where, , xavlq is average irrigation depth applied to the driest or lowest quarter of all the

can readings, and xav is the average depth applied across the all the can readings.

Wilson and Zoldoske, (1997) stated that the disadvantage of the DU coefficient is that it
treats under -watering as the critical element but does not indicate how big or severe the

dry spot really is.

There are various research works conducted by different researchers on uniformity of
sprinkler irrigation. According to those studies sprinkler uniformity is generally affected by
the combination of wind speed/direction, operating pressure and sprinkler spacing, in the
case of set-move sprinkler system. According to Wu and Gitlin (1983), uniformity
coefficient is a design criterion for sprinkler irrigation and is affected mainly by the

spacing of laterals, the lateral move and the local prevailing wind speed. A desired value of
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uniformity coefficient is achieved with a well-designed irrigation system where the
sprinklers operating pressure and discharge rate are maintained at the manufacturer’s

recommendations.

King et al, 2000 wrote that, CU values of 80-90% is attainable for set-move systems which
are properly designed and maintained, operating under moderate wind speeds less than
16km/h. It has been found that CU values as low as 60% can occur with systems on
undulating topography, with worn or plugged nozzles, and/or under windy conditions.
Smith (1995) as in Dalton and Raine (1999) also indicated that the uniformity of
application is acceptable for CU values greater than 84%.

Keller and Bliesner.,(2000) state that, DU of 85% or greater is considered excellent, 80% is
considered very good, 75% is considered good, 70% is considered fair, and 65% or less is
considered poor and unacceptable (It is generally accepted that sprinkler systems should
have a minimum DU of 75%. In general CU of at least 85% is recommended for delicate
and shallow-rooted crops such as potatoes and most other vegetables, whilst values
between 75% and 83% is acceptable for deep-rooted crops like alfalfa, corn, cotton and
sugar beets. In cases where chemicals are applied through the irrigation water, the CU
should be at least 80%. According to (Huck 2000 as cited in Osei, 2009), any sprinkler
irrigation system with distribution uniformity (DU) of 85%, in the field, is excellent and
acceptable. This means that even the best sprinkler irrigation system may begin with some

15% inefficiency.

Dereje (2012) conducted a study on the title evaluation of the in-field performance of
dragline sprinkler irrigation at WSSF. The study outcome shows the value of CU under
different combinations was found to be ranges from 59% to 86% for single sprinklers and
71.7% to 87% for overlap sprinklers, and also the DU was found to be 43% to 78% and
56% to 82% for single and overlap tests, respectively. The author has concluded that the
system was below designed capacity and to improve the system performance it should be

maintained the best combination of the operating pressure and nozzle sizes.

Fikadu (2016) conducted a study on the title of evaluated the dragline sprinkler irrigation
system at Beles Sugar Development Project. The study result has shown that the average
result of DU and CU were obtained at 3 and 2.5 bars at existing sprinkler spacing of 18m

by 18m was 53% and 63%, respectively. The study has concluded that the dragline
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sprinkler irrigation was not working full designed capacity and the actual application
uniformity was out of the acceptable range which current operating hydrant pressure is

obtained less than 4.0 bars.

Montero et al (2002) stated that low values of CU are usually indicators of a faulty
combination of factors such as nozzle sizes, working pressure and spacing of Sprinklers.
Keller and Bliesner (1990) linked the performance of sprinkler irrigation systems to the
sprinkler physical characteristics (i.e. jet angle, number and shape of nozzles and mode of

operation), nozzle size and pressure.

2.7.3.3. Methods of Determination Sprinkler Water Distribution

The procedures for determining water distribution uniformity of sprinkler uniformity are:

» Applying the catch can grid to the existing irrigation system according to Merriam
and Keller (1978) as in Keller and Bliesner (1990)

» Placing a catch can grid around a single sprinkler head in no-wind conditions and
establishing the corresponding overlapping for any sprinkler spacing (Solomon, 1979
as in Montero et al, 2002)

> Reducing the catch cans grid to a single-leg in a radial pattern, in no-wind and with
high relative humidity conditions. The application rate can be calculated by rotating
the radial pattern around the sprinkler (Vories and von Bernuth, 1986 as in Montero
et al, 2002).

2.8. Factor Affecting Actual Water Application Efficiency and uniformity

Pitts (2001) noted that a highly uniform application of water does not ensure high
efficiency since water can be uniformly under or over-applied. However, in order to
achieve good crop yields, both a highly efficient system and uniform application of water
are required. Baum et al., (2005) also explained that irrigation can be uniform and
inefficient; however, irrigation cannot be non-uniform and efficient. Thus, the first
requirement for the efficient operation of an irrigation system is the uniform application of
water. Irrigation uniformity is generally affected by the sprinkler characteristics and layout,
operating pressure, management and environmental conditions (Dalton and Raine, 1999).
According to Solomon, (1992), Sprinkler irrigation water distribution uniformity is

affected significantly by:
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» Equipment and design factors such as sprinkler characteristics (that is number of
Nozzles, size and shape), operating pressure and sprinkler spacing

» Environmental factors such as humidity and more importantly wind condition and

» Management factors such as length of irrigation time, time of day irrigation is
Performed, practicing of offsetting laterals (alternate sets) and irrigating blocks of
several adjacent laterals at once.

The delivery of the water to the soil/plant through the air introduces some degree of
uncertainty as wind and other atmospheric conditions, such as temperature and relative
humidity affect the water application efficiency. Furthermore, variation in rotational speed
of sprinklers, differences in discharges and irregularity of the trajectory angle caused by
riser straightness contribute to the non-uniform application problem. The presence of such
bottlenecks leads to under- or over-irrigation on the same field. Non-uniform application
also leads to surface redistribution and eventually leaching of nutrients on over-irrigated
areas whilst under-irrigated portions end up as dead spots, unable to support plant growth

and also create non-uniform crop stands,(Keller and Bliesner, 1990, 2009).

Water distribution uniformity of sprinkler is mainly affected by: Equipment and design
factors such as sprinkler characteristics (that is number of Nozzles, size and shape)
operating pressure and sprinkler spacing, Environmental factors such as humidity and more
importantly wind condition and Management factors such as length of irrigation time, time
of day irrigation is Performed, practicing of offsetting laterals (alternate sets) and irrigating

blocks of several adjacent laterals at once (Solomon, 1992 as cited in Osei, 2009).

2.8.1. Sprinkler Operating Pressure and Precipitation Profile

The pressure of the irrigation system is the maximum water pressure required for normal
operation and it includes the friction losses in the piping network from the control station
to the distal end of the system, the difference in elevation and the pressure required at the
emitter/sprinkler. Operating pressure used in this work refers to the pressure measured at
the emitter, in this case the sprinklers. Sprinkler irrigation systems can be classified by the

operating pressure as follows (Phocaides, 2000):

v Low pressure systems, where the pressure required are 200-350 kPa;
v" Medium pressure, where the pressure required is 350-500 kPa;
v" High pressure, where the pressure required exceeds 500 kPa.
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The operating pressure of sprinklers has significant impact on irrigation uniformity and the
overall performance of the irrigation systems. The optimum operating pressure of impact
sprinklers, with standard straight bore nozzle is 310.5 kPa to 414 kPa (45 to 60 psi).
Armstrong et al (2001) give the common operating pressure range for overhead impact
sprinklers as 240 — 400 kPa. Under low pressures less than 276 kPa (40 psi), the water jet
leaving the nozzle does not break up adequately and this results in concentrated water
application. Conversely, pressures above 483 kPa (70 psi) break the jet excessively
(misting) resulting in concentrated water application near the sprinklers (King et al, 2000).
This also creates fine mist in the sprinkling zone resulting in excessive wind drift and
evaporation. The operating pressure controls the wetted diameter and the mean water

droplet size (Kranz et al, 2005) as depicted in Figure 2.2.

Normal Pressure
e Wetted diameter o

= Wetted diameter o

Too high Pressure

Too low Pressure

Figure 2.2 Effect of pressure on droplet size and wetted diameter (Kranz et al, 2005)

To achieve acceptable uniformity, the pressure variation along a lateral is not to exceed
20% of the design pressure. Excessive pressure variation, however, is prevalent on
undulating or sloping topographies and this problem is best rectified with the use of
pressure compensating nozzles or pressure regulators. With rocketing energy cost, the
tendency has been to reduce the operating pressure so as to make savings on fuel. To
achieve this, special nozzles (with non - circular orifices) which use mechanical means to
provide extra breakup of the water jet at low pressures are utilized. Such nozzles operate at

pressures that are 1 bar lower than the traditional nozzles (Solomon, 1990).

The extent of uniformity achievable by a set irrigation system is greatly affected by the
water distribution pattern. Each type of sprinkler has its characteristic precipitation profile

which varies with nozzle size and operating pressure. Figure 2.3 gives Relative effects of
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Different Pressure on Precipitation Profiles for a Typical Double Nozzle Sprinkler (Keller
and Bliesner, 1990)
I
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Figure 2.3:

Figure 2.3 typical precipitation profiles for sprinklers operating at different pressures.

A depicts a sprinkler operating at too low a pressure. When the sprinkler operates at too
low pressure, the droplet size is large. Under such conditions, the water from the nozzle
would then concentrates in a form of a ring a distance away from the sprinkler resulting in
a poor precipitation profile. At satisfactory/optimum pressure range the precipitation is
symmetrical around the sprinkler as shown in Figure 2.3B. When the pressure is too high
(Figure 2.3C), the water from the nozzle breaks into very fine droplets, the fineness of the
droplets makes them susceptible to wind movement, settling around the sprinkler in no
wind conditions. Under wind conditions, the distribution pattern is easily distorted (Keller
and Bliesner, 1990).

2.8.1.1. Operating Pressure Measurement

Operating Pressure is the maximum water pressure required for normal operation and it
includes the friction losses in the piping network from the control station to the distal end
of the system, the difference in elevation and the pressure required at the sprinkler.
According to King et al (2000), a Pitot tube attached to a pressure gauge can be used to
check a pressure regulator’s operation. There are three categories of pressure measurement,
namely, absolute pressure, gauge pressure and differential pressure. Moreover, there are
two types of fluid systems, which are static and dynamic systems. In dynamic systems,
typical of flow through a nozzle, pressure is defined using three terms: static pressure,
dynamic pressure and total pressure. The Pitot tube measures the total pressure, which is

the sum of the static and dynamic pressures. The total pressure is obtained when the
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flowing fluid decelerates to zero in an isentropic (frictionless) process. Hence the energy of
the fluid is converted to pressure in the Pitot tube and the magnitude is registered by the
pressure gauge attached to the tube (Heeley, 2005).

2.8.2. Sprinkler Spacing

According to Phocaides, (2000), there are three main types of sprinkler spacing patterns
and a number of variations to adapt these patterns to special situations. These spacing are
the square, rectangular and triangular patterns. The square pattern is suitable for irrigating
square- shaped areas. The limitation of this pattern is the diagonal distance between
sprinklers in the corners and this is usually susceptible to wind effects. To minimize wind
effects, closer spacing is recommended depending on the severity of the wind. The
rectangular sprinkler spacing has sprinkler positions forming a rectangle with the shorter
side of the rectangle across the wind and the longer side with the wind, so as to obtain a
good coverage. This pattern has the advantage of fighting windy situations and it is
suitable for areas with defined straight boundaries and corners. In the triangular pattern,
sprinklers are arranged in equilateral triangle formats so that the distance from each other
is equal. This pattern allows for lengthy spacing and therefore requires fewer sprinklers
compared to the square spacing, for a specified area. Furthermore, two of the above

patterns can also be combined on the same site to achieve optimum sprinkler coverage.

Phocaides (2007) stated that, for good uniformity the sprinkler overlap pattern should be
corresponded to 65% of the sprinkler coverage diameter under light to moderate wind

conditions in square or rectangular patterns.

According to FAO, (2001), the selection of the correct sprinkler spacing depends on how
the best fit spacing with a certain pressure and nozzle size can provide the water at an
application rate that does neither cause runoff nor damage the crop and at the best possible
uniformity under the prevailing wind conditions. The selected sprinkler should fully satisfy
the irrigation water requirements and the irrigation frequency. According to USDA,
(2016), the basic criterion governing the selection of spacing for any given sprinkler
nozzle-pressure and wind combination is the desired distribution uniformity. Higher values
of CU generally require closer nozzle or lateral spacing, higher operating pressures, or

both, which in turn require higher investment and perhaps operating costs.
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2.8.3 Wind

The performance of sprinkler irrigation systems is greatly affected by both the direction
and magnitude of the prevailing wind. Wind is the chief modifier that reduces the diameter
of throw and changes the profiles of sprinklers. Wind speed in combination with sprinkler
spacing has significant impact on the uniformity sprinkler irrigation systems. The problem
is pronounced especially when wind speed exceeds 8 km/h. The changes in wind speed and
direction, however, tend to increase the cumulative irrigation uniformity calculated over 26

multiple irrigation events.

Another phenomenon associated with the wind condition is “wind skips”, which occurs
when there is a large difference in wind speed and/or direction between adjacent irrigation
sets. This creates temporary dry zones adjacent to the sprinkler laterals on the upwind side.
It is, however, not cumulative and successive irrigations/moves correct this effect (King et
al, 2000). Notwithstanding these limiting effects, Merkley and Allen (2004) wrote that
occasionally, wind can help improve uniformity as the randomness of wind turbulence and

gusts contribute to smoothening out the distribution pattern/profile.

t Depth of
! water applied

A Sprinkler

Distance

Wind

A Sprinkler

Figure 2.4: The effect of wind on a sprinkler pattern. Top: Sprinkler working under ideal

conditions. Bottom: The same sprinkler under windy conditions (Source: Calder, 2005)

2.9. Losses in Sprinkler Irrigation Systems

There are much inefficiency associated with sprinkler irrigation systems including leakages
in pipes, evaporation, wind drift, canopy interception, surface runoff and uneven/excessive

application depths. These losses and their typical values are presented in Table 2.2.
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Table 2.2. Losses in Spray irrigation system (Source; Davoren, 1995)

Loss component Range Typical values
Leaking pipes 0-10% 0-1%
Evaporation in the air 0-10% <3%

Wind drift 0-20% <5%
Interception 0-10% <5%

Surface runoff 0-10% <2%
Uneven/excessive 5-80% 5-30%
application depth and rates

It is therefore clear from Table 2.2 that, the greatest losses in sprinkler irrigation is as a
result of uneven application, i.e. uniformity of application. Keller and Bliesner (1990)
wrote that other losses encountered on field scale included evaporation from wet soil
surfaces, transpiration from unwanted vegetation and field border losses. Thus studying the
uniformity of a system is of vital importance to the effectiveness and efficiency of a

sprinkler irrigation system.

2.10. Gaps Existing In Actual Irrigation Performance

Several authors have reported that; actual performance of sprinkler irrigation is affected by
design, operation and management gaps (Solomon, 1979: Kincaid etal.1996). According to
Odi (1995), the factors that account for under performance of irrigation system include:
Poor system management and service provision, Poor understanding of farmer priorities
and inadequate markets for produce, Lack of clear and sustainable water rights accorded to
users, at on individual or group level, Lack of clear and recognized responsibilities and
authority vested in the managing organizations, Lack of transparent accountability; and
supporting incentives for the managing entities. According to research made at Beles sugar
development project by Abshiro and singh, (2016), the performance of sprinkler irrigation

is affected by management problems.

Generally, Douglas and Juan, (1999) summarize the four potential kinds of performance

gaps that can occur with irrigation systems.

The first is a technological performance gap. This is when the infrastructure of an
irrigation system lacks the capacity to deliver a given hydraulic performance standard. The
normal solution to technology performance gaps is to change the type, design or condition

of physical infrastructure.
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The second kind of performance gap is when a difference arises between how management
procedures are supposed to be implemented and how they are actually implemented, such
as how irrigators adjust pump gates, maintain hydrant valve, checking leaky of main pipe
and report information. This can be called a gap in implementation performance. A

problem of this kind generally requires changes in procedures, supervision or training.

The third kind of performance gap is a difference between management targets and actual
achievements. Examples of management targets are the size of area served by irrigation in
a given season, cropping intensity, irrigation efficiency, water delivery schedules and water
fee collection rates. This can be called a gap in achievement. Such problems are generally
addressed either by changing the objectives (especially simplifying them) or increasing the
capacity of management to achieve them, such as through increasing the resources

available or reforming organizations.

The fourth type of performance problem concerns impacts of management. This is a
difference between what people think should be the ultimate effects of irrigation and what
actually results. These are gaps in impact performance and include such measures as
agricultural and economic profitability of irrigated agriculture, productivity per unit of
water, and environmental problems such as water logging and salinity. If management
procedures are being followed and targets are being achieved, but ultimate impacts are not
as intended, then the problem is not that the managing organization has performed badly,
since these effects are generally beyond its direct control. The problem is that the
objectives of the organization do not produce the desired impacts. This is more a problem

of policy than management.

2.11. Reasons for Performance Assessment

There are several cases for carrying out performance assessment of irrigation scheme
(Walker, 1987)

= When we know something is wrong and we wish to find out what is causing it
= When we want, as part of management, to know how we are doing and can improve it
= When a researcher, using the case study approach, seeks to understand the detailed

workings of an irrigation scheme in order to draw generalized inferences.
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The need to develop comprehensive methodologies to evaluate the performance of
irrigation schemes has long been recognized. The concluding remarks of a workshop on
irrigation water management held at the International Rice Research Institute (IRRI) in
1979 stated that: "What is most needed is an established methodology to determine the
efficiency of an irrigation system in physical, economic, and social terms as well as in

terms of water use and to show how the efficiency can be improved..." (IRRI, 1980)

Bhuiyan (1981) states that: “There is a need for more research work to develop appropriate
system evaluation criteria that could be used for systematic but rapid identification of
irrigation systems weaknesses and strengths, and also for the better evaluation of

management improvement efforts."”

Against this background, there have been several attempts over the past three decades to
address this problem. The interest in the subject of 'irrigation performance' further gained
momentum in the 1980s, and has presently become one of the top issues of discussion in
irrigation circles. This is evident in the many national and international activities
undertaken on the subject in the past decades. In 1983, FAO organized an Expert
Consultation on Irrigation System Performance in an early effort to develop guidelines and
methodologies for assessing irrigation systems performance and for identifying their
problems and solutions. In June 1989, the International Commission on Irrigation and
Drainage (ICID) widened the task of its Working Group on 'lrrigation Efficiencies' to
‘Irrigation Performance Assessment.' This marked a move away from viewing performance

as purely technical (i.e. losses in canals) to broader issues.

The bottleneck in irrigation water management of the sugarcane irrigation projects has got
special attention by irrigation professionals in recent times. Without the knowledge and
information of the actual field performance of the irrigation system, all attempts made to
alleviate the water management problems of irrigation project remains incomplete and
fruitless. Thus, assessment of actual irrigation performance is an essential component of
the general sugar development projects of Ethiopia. Improving the existing irrigation
systems performance is more preferable than developing new irrigation due to investment

in irrigation has failed to produce the expected result in many countries.

There are a few research works done on assessment of sprinkler irrigation performance on

sugar projects in Ethiopia. The results obtained through irrigation system evaluation by
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different researchers, institutions, and/or organizations, will not always be -easily
comparable. This may be due to the subtle differences in evaluation methodology,

interpretation of performance parameters and calculations.

The main reason of these study are to assess the actual performance of the sprinkler system
as it is currently practice, in terms of water application practices in accordance to crop
water need, by considering three performance indicators; water application efficiency,
irrigation adequacy and water application uniformity. The selected indicators are the most
important parameters to evaluate the actual performance and indicate existing gaps in
terms of design, management and system maintenance. Therefore, these stated literatures is
very crucial to improve the actual performance of sprinkler irrigation system installed at
Arjo-Diddessa sugar Development Project and also uses as a benchmark for further

studies.

2.12. Measures to Improve Performance

To improve the performance of sprinkler systems the following measures should be

available (Samir M. Ismail, 2003)

» Know the application rate and average depth applied.

» Avoid over irrigating. Over irrigation means applying water in excess of the soil
moisture depletion in the parts of the field receiving the least amount of water. Reduce
over irrigation by decreasing the set time.

» Irrigate during low wind periods (wind speed less than 15 km/h). Sprinkler uniformity
is greatly reduced at wind speeds greater than 10-15 km/h.

» Offset lateral locations to improve seasonal uniformity. In offsetting, the lateral
locations of the current irrigation are midway between the lateral locations of the
previous irrigation.

» Use the same nozzle size throughout the irrigation system. Mixing nozzle sizes results
in non-uniform application rates.

» Repair leaks in the irrigation systems and replace or repair malfunctioning nozzles.

v

Prevent crop interference by using properly sized risers.
» Maintain adequate pressure by cleaning the suction sump and screen, adjusting the
pump impeller, repairing or replacing a worn impeller, or reducing the number of

laterals.
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3. MATERIAL AND METHODS

3.1. General Description of study Area

The study was conducted at Arjo-Diddessa Sugar Factory irrigation project which is found
southwestern Ethiopia between East Wollega, Buno-Beddelle and Jimma zones of Oromia
regional state. Geographically the area is located between Latitude 8°-30°-00” to 8°- 40°-
00”* N and longitudes between 36°-22°- 00 to 36% 43’- 00” E. The altitude range of the
sub basin is 1300 to 2280 m.a.s.l. The sugar factory is found at a distance of 395
kilometers distance in the Addis Ababa- Nekemte-Bedelle route or at 540 kilometers
distance in the Addis Ababa-Jimma-Bedelle-Nekemte route. The Factory was previously
owned by Al-Habesha Plc, a Pakistani company. Sugar Corporation bought the Sugar
Factory from the Pakistani AL- Habasha Sugar Mills PLC in 2012/2013.
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Figure 3.1. Geographical Location map of study area (generated from Arc GIS)

The climatic condition of the majority area of the irrigation project area can be
conveniently categorized into moist kola agro-climatic zone or it is known for being hot
with heavy rainfall (OWWDSE, 2012). The representative related meteorological station
for the project area based on the monthly climatic data for the 1996-2018 period observed
at Bedelle meteorological station, The high rainy season of the area which is called kiremt,

mostly concentrated in May to September period every year, with virtual drought from
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November through March. The mean annual rainfall of the area ranges between 1445 mm
to 2357mm, with total annual average rainfall of 1933mm. The mean monthly maximum
and minimum temperature are range from 22°C to 29°C and 11°C to 14°C respectively.
The total annual mean maximum and minimum temperature are 25.8°C and 12.8°C
respectively. The hottest season is happened from January to April, whereas the coldest
season happens during June to November. Wind speed of study area is categorized under
low; it ranges from 1.62 km/hr to 3.72km/hr, with mean annual of 2.34 km/hr. The low
wind speed condition of the area makes it suitable and optimum condition for the operation
of sprinkler irrigation. The mean daily sunshine hours vary from 3.7 hr/day in July to 8.7
hr/dat in December. The average monthly relative humidity is varies from 59% to 83%,
with mean annual of 70%. The soil types of the study area are ranges from clay loam to
heavy clay textured soils. More than 75% of extensive soils of the current irrigation
practice of the project are Vertisoils (Heavy clay soil) that has very low permeability.

The climatic condition and the soil properties of the area make it suitable for sugarcane
development. There is an irrigable command area of 80,000 hectare. Currently, the
sugarcane is cultivated in more than 5000 hectares of land, with the planned additional
expansion in the future. The factory receives water from Diddessa River for irrigating
sugarcane which is the major tributary of Abay River. The major tributaries of the Didessa
River are the Wama entering from the east, the Dabana from the west, and the Anger from

the east. Didessa catchment is situated in the southwest part of Blue Nile River Basin

- o S
Figure 3.2. photo of sprinkler type of study area
The present sprinkler irrigation system practice uses a drag-line/Hose-Move sprinkler

system of irrigation. The whole sprinkler irrigation system supplied water from the main
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canal with the aid of pump and deliver water to the fields through a network of supply
mains, Branch mains, Sub Mains, Mani Folds, Laterals, Drag Hoses and Sprinklers. The
lengths of the lateral lines were 90 m, whereas the spacing between the sprinklers was 18m
X 18m. The sprinkler assembly comprises 36 m length and 25 mm diameter plastic hose
connected to a galvanized steel tripod with 4 meter high riser valve and a brass sprinkler.
The sprinkler heads used for this study were of the full circle rotating impact sprinkler

design capacity of 1.95 m® /hr.

3.2. Material and Tools

The materials used to collect data were Global positioning system (GPS) used for altitude,
longitude and latitude reading, soil Auger hole, core sampler, soil plastic pack, tag number,
catch cans, four sprinklers, graduated cylinder, stopwatch, tape meter, water
bucket/container, flexible plastic water hose (4m) which connects the hydrant and the
sprinklers, hydrant pressure gauge with Pitot tube, hammer, sticks for catch can handling
and other related accessory materials. Some of Computer tools are also used. ARC GIS is
used to delineate the map of study area. Microsoft office Excel is used to calculate and analyze

measured field data. CROPWAT 8.0 software was used to calculate crop water requirement.

3.3. Data Collection Methods and Sources

In order to assess the performance of sprinkler irrigation system at Arjo-Didessa sugar
factory, primary and secondary data source were collected and different performance
parameters were evaluated. Necessary Sample sizes were taken based on standard
recommendation as required to minimize errors and to represent the whole existing field
condition. Other relevant information related to general irrigation practices of the area
were gathered by referring the feasibility study and design document, field report and by
physical contact with Technical responsible persons such as Irrigation and Plantation Staff
and from field observation of respective sites. Infield sprinkler water application
performance tests were done at two selective command areas (for 3.5bar and 4.0bar
hydrant pressure) and sprinkler performance indicators were measured. The assessment
contained: i) Crop water requirement and Irrigation requirement with respect to growing
month and stage ii) Irrigation schedule (interval & setting hour) iii) Sprinkler discharge
and operating pressure iv) water application rate v) water application efficiency and

uniformity, v) Adequacy of Irrigation.
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3.3.1 Soil Data

Totally 45 representative soil samples were taken at a depth of 0-30 and 30-60cm using
auger hole and core samplers. Each soil sample was taken by plastic bag. The samples are
taken at different area considering the lowest, medium and highest spot of the fields.
According to Walworth., (2006), the actual number of sub-samples depends on field size
and uniformity. No less than 5 sub-samples should be taken from a sampled area, and 15 to
25 are preferable. It is possible to take more samples as required to minimize errors.
Booker Tate (2009) recommended the top 60 cm as an effective rooting depth was
appropriate to estimate soil moisture deficit for the irrigation timing of sugarcane. This was
to protect the sugarcane from moisture stress in its effective root area. Soil samples were
tasted for soil texture, bulk density, field capacity (FC) and wilting point (PWP) at Bedelle
Research Center, Soil Laboratory Section. Laboratorial procedures and recommendation

manuals of Kamara and Haque (1991) and Sahlemedhin and Taye (2000) were used.

To determine soil texture, determined in the laboratory using Sieve analysis and textural
triangle. Bulk density of the study area was determined using undisturbed soil samples
collected from five pits at different intervals starting from surface to a depth of 60 cm
based on sugarcane root abundance with core sampler’s volume of 100 cm® each. The
samples were placed in an oven and dried at 105°C for 24 hr. After drying, the soil and
container were again weighed. The dry weight of the soil was divided by the sample
volume to determine the dry bulk density. Moisture contents at field capacity and wilting
point were determined in laboratory using disturbed soil samples collected from five
sampling points at different intervals. Soil samples were soaked in water for one day and a
pressure of 1/3 (FC) and 15 bars (PWP) were exerted in the laboratory using pressure plate

apparatus until no further change in soil moisture content was observed.

For this study the Soil samples before and after irrigation were collected at the depth of 0
to 30cm and 30 to 60cm 0.3 to 0.6 m from selected sprinkler irrigation fields. The
gravimetric water content was determined in the laboratory and the difference in water
content between before and after irrigation was determined and it indicates the amount of
water stored in the effective root depth. Soil moisture deficit (SMD) for each site was
determined using gravimetric soil moisture content between field capacity and existing

moisture multiplied by soil bulk density and depth of the soil layer within root zone.
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Figure 3.3 Photo during soil sample collection with Auger and core samplers

3.3.2. Climate data

Monthly average of twenty three (23) years (1996-2018) rainfall data and 15 years (2005-
2019) of maximum and minimum temperature, sunshine hour, relative humidity, and wind
speed data were collected to estimate the Reference Evapotranspiration and Effective
rainfall of the study area. The climatic data were collected from Ethiopian National
Metrology Service Agency (ENMSA) of Bedelle, Arjo and didessa station and given in tin
appendix 1 (Table 1 to 6). The criterions for the selection of the meteorological data will
be based on the availability of data, the data quality and possibly whether the station is
within the watershed or not. Therefore, data from Bedelle metrology station was chosen
and used for this study, because of the greater data accuracy and availability than the other
two stations. Geographical locations of weather stations are listed in table 3.1 below.

Table 3.1. Geographical location of weather monitoring stations

No | Weather Zones Lat. (dd) Long. (dd) | Altitude
monitoring (m.a.s.l)
Station

1 Arjo East Wollega 8.75 36.5 2565

2 Bedelle Bunno-Bedelle | 8.45 36.35 2011

3 Didessa East Wollega 9.35 36.1 1310

3.3.3. Description of Catch-cans and Alignment

The number of catch-cans placed in the test depended on the system being tested and the
spacing of the sprinkler. According to Cuenca (1989) for sprinkler spacing 18m by 18m a
minimum of 24 Catch-cans for overlapping uniformity test are recommended. Also the
Irrigated Crop Management Centre (2002) recommended at least 30 catch-cans, of
minimum height of 100mm and minimum diameter of 80mm, for the evaluation of

sprinkler irrigation uniformity. For the purpose of evaluating sprinklers, the typical catch-
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can spacing used should be 2 m or 3 m (Merkley and Allen., 2003; 2004). The catch can
spacing (center to center) used for this study was 3 m x 3 m, considering the radius of
throw of the sprinklers >12 m and sprinkler spacing >10 m (Osei., 2009). The actual
sprinkler wetting radius is 12.8m (which is measured before catch can installation to
predict the catch can number required). For this study 36 and 64 identical catch cans were
used for determination of the sprinkler water distribution pattern of four overlapping (block
test) and single sprinkler test respectively. The catch can height is 160 mm with 110 mm
diameter.

During single sprinkler water distribution pattern test, the sprinkler was located at
equidistance center of a 3mx3m square grid from the four surrounding catch cans and a
continuous grid of 8 columns by 8 rows surrounded the sprinkler. For block test , the 36
catch cans in 3mx3m square grid made up of 6 rows and 6columns positions were installed
between four sprinklers working simultaneously in configuration of 18mx18m of sprinkler
spacing (as practiced as the project) to collect water sprayed by four sprinklers during each
test. The sprinkler spacing was corresponded to 65% overlapping of the sprinkler coverage
diameter under light to moderate wind conditions in square or rectangular patterns as
recommended by Phocaides (2007). The catch cans layout schematic representation for
single and block sprinklers are shown in Fig. 3.4 and 3.5.
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Figure 3.4: Layout of Catch cans for overlapping sprinklers (Block test)
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Layout of Single Sprinkler test for Arjo-Didessa Imrigation Scheme
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Figure 3.5: Layout of Catch cans for single sprinkler test

The run time for both single and four sprinklers were 2 hours. Evaporation loss was
measured by installing four catch can at the edge of each test layouts having water to the
test area for similar catch can running time of 2 hours, then the depth recorded before catch
can data for entire field taken and after taking data of catch can at the same time reading
taken for installed catch can which serve as a pan and finally the difference was taken as
lost as suggested by Abshiro and Singh (2018). An average value of 4.3% loss is recorded
during all tests. The catch can water volume was measured with a graduated cylinder and
recorded, starting with the outermost part of the wetted pattern and ending with the central

part, as suggested by Osei (2009).

According to Markley and Allen, (2004), catch can tests represent a specific wind and
pressure situation and must be repeated to obtain information for other pressure or wind
conditions. For this study, the data were collected with three replications (morning, mid-
day, and afternoon/late day) for 3.5 and 4.0 bar operating pressure. Totally twelve (12)

field experiments were conducted for both overlapping and single sprinkler test of water
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distribution uniformity. Markley and Allen, (2004) also says, Catch can data is often
overlapped for various sprinklers and lateral spacing’s to evaluate uniformities for design
and management purposes. Thus, for this study, to evaluate uniformities for design and
management purposes, actual single sprinkler data were overlapped with different four
sprinkler spacing (i.e.12mx18m, 12mx12m, 18mx12m and 9mx12m) and tested to analyze
the effect of spacing and wind. The overlapped catch can data were simulated from the

single sprinkler catch can data as suggested by Osie., (2009).

Figure 3.6 Photo during measuring catch can water volume with graduated cylinder

3.3.4. Pressure Measurement

The actual operating hydrant pressure which delivers water for the sprinklers, was
measured using pressure gauge. The nozzle operating pressure during the test was
measured using pressure gauge with Pitot tube. Pitot tube was inserted into the nozzle to
obtain the nozzle pressure. Measurements were taken for all sprinklers in the block test
zone. All pressure measurements were taken before the catch cans were overturned to the
start collection of precipitations and sprinklers discharge record. To observe actual
pressure variations along lateral, nozzle operating pressure was recorded from the first

lateral to the last end of hydrant positions.

3.3.5. Measurement of Sprinkler Discharge

The actual sprinkler discharge rate was measured at field condition on two fields for two
hydrant pressure (3.5 & 4.0 bar) with four replicates. Totally eight (8) tests was carried out
across the lateral pipes to measure discharge of sprinkler by connecting flexible plastic
hose to the top parts of the riser or on each of sprinkler nozzles and allowing the water to

fill a known volume of bucket (5 liters) for a measured period of time. The time taken to
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fill the container was recorded by stop watch. The discharge from the two nozzles were
collected separately and finally added together. Because, those two different nozzle size
diameters (2.4 mm and 4.4 mm) are attached and operated on one sprinkler riser. To see
the actual sprinkler discharge variation across lateral, discharge records were taken with
the same aid from the first lateral end to last end of hydrant positions. The sprinkler
discharge measurements were taken before the catch- cans were overturned to the start
collection of precipitations. The actual sprinkler discharge rate which was measured from
volume of bucket used divided by time taken to fill, is estimated by the following equation
3.1 (Abshiro and Singh., 2016).

Where; q is the sprinkler discharge rate at tested field (I/s), v is volume of water collected
in bucket from nozzle in liters (1), t is time taken to fill the bucket in second (s). Discharges
were determined for all the sprinkler heads in operation and the averages obtained were

used to represent discharge of sprinklers used for the block test.

Figure 3.7 Photo during measuring sprinkler water discharge

3.4. Estimation of the crop water requirement
3.4.1. Reference evapotranspiration (ETo)

Fifteen (15) years from 2005 to 2019 of average monthly minimum and maximum
temperature, sunshine hour, relative humidity, and wind speed were used for estimation of
reference evapotranspiration (ETo). The ETo of study area with respect of their month was
estimated from average monthly climate data input using FAO CROPWAT 8.0 software
model based on FAO Penman- Monteith method equation (Allen et., 1998).
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3.4.2. Effective rainfall (Pe)

The effective rainfall (mm) of the study area for each month was computed by inserting
80% dependable rainfall data input into FAO CROPWAT 8.0 Software, using USDA Soil
Conservation Service method (USDA., 1997). The estimation of 80% dependable rainfall
of study area was done based on procedures of Doorenbos and Pruitt (1977) using 23 years

of monthly average rainfall data of study area.

3.4.3. Description of CROPWAT 8.0 Model & Data input

CROPWAT 8.0 model which is developed by FAO, Land and Water Division, (2018) were
used to estimate Reference Evapotranspiration and effective rainfall of this study. The
model requires Rainfall data (mm) and climate data of monthly maximum and minimum
temperature (°C), wind speed (km/h), mean relative humidity (%), and sunshine hours (h)
This model also contains the coordinates and altitude of the location of study area (Clarke.,
et. al, 2001). To calculate CWR, IRs for different crops for a range of climatological
stations at least 15 years of recent climate data is needed (FAO, Land and Water Division,
2018). For this study required rainfall data and climate data of ranging 1996 to 2019 were
gathered from the Bedelle Meteorological Station, which is a climatic database to be used
in association with the CROPWAT program and which allows the calculation of ETo and
effective rainfall of study area. The CROPWAT version 8 calculates effective rainfall
according to United States Department of Agriculture (USDA) soil conservation (S.C.)
method ((USDA.,1997), and daily reference evapotranspiration (ETo) from weather data
according to the equation of FAO-PM (Allen et al., 1998) as presented in Equation 2.1.

3.4.4. Crop Evapotranspiration (ETc)

The sugarcane water requirement (ETc) is describes the water consumed by crop from
planting up to harvesting season. The ETc of the study area was determined by multiplying
ETo of the crop with corresponding sugarcane crop coefficient (Kc) for each month and
growing stage using equation 3.2

ETC=ETO*KC....oeviiiiiiiiiiiiiii e, Eqgn. (3.2).
Where, ETo (mm/day), Kc is crop coefficient dimensionless. The crop coefficients based
on FAO standards from FAQO 56 are used as estimates of sugarcane crop coefficients (Kc)
of study area. The Kc values for sugarcane was varying during initial, development, mid,

and final growth phases. The irrigation water demand and crop water requirement were
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determined based on the growing stage and length of the growing period. The growth
stages of sugarcane of the study area were obtained from field information and can be
classified by four age groups for irrigation purpose.

According to CROPWAT 8.0 software default data, the sugarcane root depth may go up to
1.5 m, but in Ethiopian sugar estates the maximum is considered to be 90cm and effective
root depth of 60cm.The Kc values and rooting depth data corresponding to cropping stages
were obtained from previous survey data made at Metahara sugar estate by Solomon
(2010) and Habib (2001); relatively because the same cane varieties grown, and cane
management practices done in Ethiopian sugar estates (Abshiro and Singh., 2016; Tadesse
G. S.,2015), in this study the same root depth and crop coefficient values were used as

maximum rooting depths at given cane ages as shown in table 3.2.

Table 3.2: Root depth and Kc at different cane ages (Habib, 2001 and Solomon, 2010)

| Cane age (months) | Root depth (cm) Crop coefficient (kc)
0-3 30 0.55
3-6 45 0.9
6-15 60 1.05
Above 15 90 0.7

3.5. Determining Net irrigation requirement (NIR)

Net irrigation requirement is the depth of water, which is exclusive of other water sources,
such as effective precipitation, ground water contribution. The actual NIR of the study area
was estimated for the respective months and crop stages, using the method outlined by
(Habib, 2001).

NIR=ETC-PE—GW ..ot Eqgn. (3.3)
Where, NIR in mm/day, Pe is effective rainfall (mm), Gw is ground water contribution (In
our case, the value of Gw is zero, because there is not a detail survey study take place in
this study area). Thus, the NIR of the study area was estimated on daily bases by
considering the monthly effective rainfall. For crops age less than 3 months, the NIR was
made equals to crop water requirement (ETc) to provide more frequent irrigation water

requirement as suggested by Tadesse G. S.,(2015)

3.6. Irrigation Scheduling

Irrigation scheduling is the science of determining the exact amount of water to apply to
the field and the right time of application, for the purpose of increasing water use
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efficiency and to minimize crop water stress (Broner., 2005). The parameters were used to
develop sugarcane irrigation scheduling with respect to growing month, growth age and

the soil type of study area were discussed below:

3.6.1. Net depth of water application (Dn)

Net depth of water applied in (mm) for the study area was estimated using the formula:
DN=TAW *P*Dr* pi .....ccooviiiiiiiiiiiieeeeeeaee, Eqn. (3.4).
Where, TAW = (FC — PWP) is Total available water; FC is moisture content of the soil at
filed capacity (%), and PWP is moisture content of the soil at permanent wilting point (%),
pi is the soil bulk density (gm/cm?®), Dr is maximum effective root depth (m) differ for
different growth stage, and P is moisture depletion factor (%).
Previous studies of Habib (2004) and Solomon (2010) has considered the maximum
rooting depth of 1.0 meter for Metahara sugar estate to calculate water application depths
in each soil types of the estate. Similarly, in their study the maximum rooting depth of 1m
and the optimum factor of depletions for sugarcane was in between 0.50 to 0.65 was used
which was also proposed by Booker Tate (2009) for Metahara sugar estate soils, and are in
agreement with recommended 0.55 by Rao (1990) and 0.65 by FAO (1979). Booker Tate
(2009) recommended, considering the maximum sugarcane rooting depth of 90cm or 90%
concentration, effective rooting depth at top 60 cm was appropriate to estimate soil
moisture deficit for irrigation timing of sugarcane. This was to protect the crop from
moistures stress in its effective root area. Thus, 60% soil moisture depletion factor was

used for this study.

3.6.2. Gross depth of water application (Dg)

The gross depth of irrigation water applied of the study area was estimated using equation
3.5 according to (Merriam and Keller, 1978)

_ net depth of water application (mm)

= e e e EqM(3.5
sprinkler actual application effeciency qn (3:5)

The actual application efficiency was determined based on gross sprinkler depth
application as currently practiced using equation 3.17
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3.6.3. Sprinkler operating set time per irrigation (T)

The sprinkler set time is the specified time duration to apply the required depth of water for
set of sprinkler. It is total operating time (hour) to complete one irrigation cycle or depth.

The actual sprinkler set time for the study area was determined using the equation 3.6

Dnxslxsm

_Dg — Dnxstxsm
T = o OR T= GrBG00.ES T T e ..Eqn (3.6)

Where, Dg is the gross depth of water application (mm), Ig average sprinkler application
rate (mm/hr), dn is net depth of application (mm), SI*Sm sprinkler spacing (m*m), g

average sprinkler discharge (I/sec) and Ea sprinkler actual application efficiency (%)

3.6.4. Irrigation interval (1)

Irrigation interval is the frequency of applying irrigation water. The actual irrigation
interval of the study area was determined for each month, growth stages, and soil type
using the equation 3.7:

net depth of application (mm)

I(days) = v e Eqn (3.7)

C t i t (ﬂ)
I'Op water requlremen day

To consider the wet seasons which have enough effective rainfall to meet the crop water
requirement and to avoid over water application, the net irrigation water requirement was
used in terms of crop water requirement (ETc) to estimate the irrigation interval of the
study area (Abshiro and Singh., 2016).

3.7. Sprinkler Irrigation Performance Indicators

Data collected and recorded from various source and observation were used to estimate the
sprinkler irrigation performance indicators. The following indicators were used for the
assessment of the systems performance: Uniformity coefficient (UC), Distribution
uniformity (DU), system uniformity (SU), the potential application efficiency of low
quarter (PAELQ), Application efficiency (AEa), and Adequacy (ADIQq); as defined by
Merriam and Keller, 1978 and ASAE Standards (2000).

3.7.1. Sprinkler water application rate (Ig)

The sprinkler water application rate (Ig) in mm/hr was computed using the equation 3.8
(Huffman et al., 2011)

1, 9%3600
G = GG
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Where; q is Average sprinkler discharge during the test (lit/s), Sm is the sprinkler spacing
(m), and_Sl is the lateral spacing (m). For this study the spacing of 18*18m was used as

currently practiced by project.

3.7.2. Sprinkler discharge and pressure variation along lateral

The Sprinkler discharge and pressure variation across lateral of the current irrigation
system of the study area was estimated as the ratio deduction of the maximum and
minimum to average sprinkler flow rate and hydrant valve operating pressure respectively
using equation 3.9 and 3.10. (Merkley and Allen., 2004)

_ (Maximum — Minimum Sprinkler flow rate)

Average Sprinkler flow rate x 100 qn (3.9)

_ (Maximum — Minimum hydrant valve pressure along lateral)

100......Eqn (3.10
Average hydrant valve pressure along lateral X qn ( )

3.7.3. Coefficient of uniformity (CU)

Christiansen’s uniformity coefficient is the most popular uniformity coefficient used by
researchers on the global scale. It is a measure of non-uniformity of water application for a
given sprinkler head, nozzle type, operating pressure and sprinkler spacing combination. It
is thus an index of irrigation uniformity. The depth of water in catch can in mm was
obtained by dividing the measured volume of water in catch cans by cross sectional area of
the catch cans. The coefficient of uniformity for each field was computed using equation
3.11 as proposed by Christiansen (1942)

n=1ldi—d |
CU = (1.0 == )5 100 e EqR (B11)

Where: CU = Coefficient of uniformity in percent (%), di = depth of water collected in
individual catch cans during irrigation, mm, d = mean water depth of water collected in all

catch-cans, mm and n = total number of catch cans.

3.7.4. Distribution uniformity (DU)

Distribution uniformity is usually defined as a ratio of the smallest accumulated depths in
the distribution to the average depths of the whole distribution (Ascough and Kiker, 2002).
The DU takes into account the variation of can readings from the mean but concentrates on
the lowest 25% of readings. This uniformity measure is also called low-quarter distribution

uniformity (DUIq) and was calculated from lowest quarter fraction, DIg. The lowest
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quarter fraction, DIg, has been used by the United States Department of Agriculture
(USDA) since the 1940s’ and has proved to be useful in irrigated agriculture. DUIq and diq
is calculated by the following equation 3.12 and 3.13 (Burt et al.,, 1997).
DUlq = Dig 100 . e e e et e e eet e e e e e e B (3.12)
Da
Where: DUIq is low quarter distribution uniformity in percent (%), DIq is average low
quarter (1/4 depth) catch can readings; in mm, Da is average depth of all catch can

readings in mm

sum of smallest quarter depth can reading

Dlg = e Eqn (3.13)

quarter number of catch can

3.7.5 System uniformity

In order to account for the pressure variation in the system in performance assessment two

additional coefficients were determined. These are: the system coefficient uniformity
(SCU) and the system distribution uniformity (SDU). These system uniformity coefficients
of study area were calculated using the following equations 3.14 & 3.15(Merkley and
Allen, 2004).

1 Pn

System CU = CU [— (T4 [=9)] o v e vt ve e eeeee .. Eq (3.14)
2 Pa
1 Pn

System DU = DU [Z (1+3 ’P—a)] SRR 17 £ N (S 1 1)

Where, pn is the minimum sprinkler pressure in the whole field, pa is the average sprinkler

pressure in the entire system over the field area.

3.7.6. Potential application efficiency (PAE)

In system evaluation, the PAE was calculated by dividing the average depth of water
reaching the ground by the average depth of application supplied by the system, or it is the
ratio of the mean water depth observation in the catch-can supplied to the farm to the mean

water depth discharged from sprinkler due to irrigation to (Keller and Blisner, 1990).

Average water depth observed from catch can (mm)
PAE = - - x100............Eqn (3.16)
Average water depth discharged from sprinkler(mm)
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3.7.7. Potential Application Efficiency of Low Quarter (PAELQ)

The PAELQ were determined in order to evaluate how effectively the system can utilize
the applied water and what the total losses may be. It is, therefore, a measure of the best
management practice and should be thought of as the full potential of the system. PAELQ
is calculated by (Jensen, 1983);

Average of low quarter depth recieved (dlq)

PAELQ = x100 ........Eqn (3.17)

Average depth of water applied at nozzle(AR)

3.7.8. Actual Application efficiency (AEa)

Application efficiency is determined in order to evaluate how much of the applied water is
stored in the soil and available for consumptive use. It refers to the amount of water needed
for crop production compared with the amount applied to the field and depends on system
design and management (Merriam and Keller, 1978). For this study two technical
performance parameters of actual water application Efficiencies were used to determine
the current irrigation management system; which are on-field storage efficiency based
actual storage of water due to irrigation, and on-field application efficiency based on

required depth in effective root zone of crop stages.
» On-field storage efficiency (Es)

The on-field storage efficiency (Es) is a comparison between the amount of water applied
and the amount retained in the root zone; which is determined as the ratio of average water
stored in the root zone or moisture retained due to irrigation (ds) to average depth of water
applied (dg) equation 3.18: (Zerihun et al., 1997)

Average of water stored in root zone(ds)
Es = - x 100 ........Eqn (3.18)
Average depth of water applied (dg)

» On-field actual application efficiency (AEa)
On-field actual application efficiency (AEa) of the current irrigation management system
was determined as the ratio of average net irrigation depth needed in effective root zone or
soil moisture deficit which is equal the soil management allowable depletion to average
depth of water applied (dg): (Merriam et al., 1983).

net depth of application needed in root zone(dn)
AEa = - x 100 ........Eqn (3.19)
Average depth of water applied(dg)
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3600 +q=*Tt

g Sm * sl

e e e e Eq (3.20)

Where dn & dg is in mm, q is the measured sprinkler discharge (lit/sec), Tt is irrigation run
time (hours) for this study 22 hours (as currently practiced)

The soil samples were collected before and after irrigation using auger hole at the depth of
0.3 to 0.6 m from selected fields of the two sprinkler irrigation methods. After determining
the average depth of water actually applied from sprinkler into the fields; The gravimetric
water content was determined in the laboratory and the difference in water content between
before and after irrigation was determined and it indicates the amount of water stored in
the effective root depth (ds), and the results were used to analyze on field water storage
efficiency (Es). Soil water deficit (SMD) or the depth of water needed (dn) represents the
depth of water the irrigation system should supply; which mean the required infiltration
depth. Gravimetric method has also used to determine an average SMD for each site of
study area using soil moisture content between field capacity and existing moisture
multiplied by soil bulk density and depth of the soil layer within root zone, which was used
in the subsequent determination of on-field actual application efficiency (AEa).

3.7.9. Adequacy Low quarter (ADIQq)

The adequacy performance of irrigation was determined from the measured low quarter
distribution uniformity of each hydrant pressure and amount of water required to be stored

in crop root zone using equation 3.21 as defined by (Burt et al., 1997):

ADlq = M x 100 ............Eqn (3.21)
dreq(mm)

3.8. Data analysis

Data analysis is done using computer program Microsoft Office Excel and CROPWAT
8.0; to analyze collected field data and to estimate ETo and effective rainfall of study area.
The actual system performance was determined using equations outlined in this chapter
and important sprinkler irrigation performance indicators. The actual result values is then
compared with potential capacity during design period and with the recommended
standards (Merriam and Keller, 1978 and ASAE Standards (2000), Merkley and Allen,
2004 Keller and Bliesner, (1990) & FAO standards were used)
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4. RESULT AND DISCUSSION
4.1. Design Condition of Irrigation Systems and Water Application Practices

The present sprinkler irrigation system practice uses a Hose-Move rotated impact sprinkler
system of irrigation. The sprinkler heads used were full circle rotating impact with two
nozzle diameter type of having 4.4mm (Main) and 2.4mm (Auxiliary) sizes attached on
single sprinkler. According to Feasibility study and Design document (2007), the existing
system is designed to operate at 4.21 bar hydrant operating pressure with discharging rate
through two nozzles to give application rate of 1.95 m*/hr (or 0.54l/sec) with application
efficiency of 75%. But, now most of fields are working below these operating pressures,
which means the required discharge is not achieved as per design. The laterals were
designed with actual length of 90m with sprinkler spacing of 18*18m. But in some
observed fields the existing spacing in practice was less or more than this value. These can
cause non uniformity of water application in most fields and over application of water in

some fields. Finally, the system is not working as per design capacity.

The project practices uniform/fixed 22 hour set time and 10 days irrigation interval
according to Feasibility and Design Study document (2007), irrespective of the soil type,
growth stage, and growing month. A practice of uniform irrigation scheduling without
considering the soil type, growing month, and stage of crop growth causes moisture stress
to the crop. In addition, excess water may be applied in 22 hours than be absorbed by the
soil profile thus leading to wastage, which reduces the application efficiency. Finally, these
practices may cause poor cane growth and performance which intern reduced the expected

yield per hectare.

The operation service, care and maintenance of the irrigation systems were clearly put in
the Feasibility study and Design document (2007). But, in practice now, the operation, care
and maintenance of the existing system have its gap. During field visiting, very old worn
and corrode system components and needs replacement, runoff sedimentation and
vegetable/weed matters covers field components, pipe breakage and leakage through pipes
are observed. Lack of regular checkup, immediate irrigation maintenance and correction for
any system defects are also observed Thus, the effects of all these combined gaps creates
the system to poor, and malfunction, increasing cost of maintenance, and finally reduces

the system irrigation efficiency.
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4.2. Soil Physical Characteristics and Water Holding Capacity

Average measured values of soil physical characteristics and percentage of available water

at 0-30cm and 30-60cm depth of study area were given in Table 4.1. Detail measured value

of soil physical parameters for each test were given in appendix 3 (Table 10 & table 11)
Table 4.1: Soil available water capacity and Bulk density of Study Area

PARAMETERS
FC, % PWP, % TAW Bulk Texture
) Soil Depth (cm) Soil depth (cm) (%) density class

Si.No |"'0-30 [ 30-60 | Avg. | 0-30 [ 30-60 | Avg g/cm®

1 405 |42 41.25 |28 31 295 [1175 |[1.31 Clay
2 421 433 427 [325 344 3345 [9.25 1.2 Clay
3 37 40.2 38.6 |26.9 30.7 288 |98 1.41 Clay
4 39.4 |415 40.45 | 286 3.7 [3015 |[103 1.28 Clay
5 43 43.2 431 [ 342 347 [34.45 |865 1.15 Clay
Avg 404 [424 4122 [3004 [325 [3127 995 1.27 | Clay

TAW (mm/m) | 126.36

Based on this result table 4.1, the soil textural type was namely clay type which was
categorized under vertisols. According to soil profile observation and information gathered
from plantation department Vertisols covers more than 75% of the Project command area.
The bulk density values vary from 1.15 g/cm® to 1.41 g/cm® and average value is 1.27
glem®, shows that the actual field soils were black clay soils. The volumetric total available
water (TAW) ranges from 8.65% to 11.75%. The water holding capacity of the soils is
126.36 mm per meter soil depth. The gravimetric water content was determined in the
laboratory and the difference in water content between before and after irrigation was
determined and it indicates the amount of water stored in the effective root depth. The
average amounts of water stored determined were 46.31mm as given in table 4.2 below.

Table 4.2. Water stored under root zone in mm after hour irrigation

Fields Stored depth (mm)
Depth of soil layer(cm) Total depth in 22 hour
0-30 30-60 Total
Field 1 1.31 0.7 2.01 44.22mm
Field 2 1.43 0.77 2.2 48.4mm
Average 1.37 0.735 2.105 46.31mm

4.3. Crop water requirement (CWR)

4.3.1. Reference Evapotranspiration (ETo)

The estimated value of Reference Evapotranspiration (ETo) for each month of study area
using CROPWAT 8.0 model based on FAO Penman-Monteith method equation, were
given in Table 4.3
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Table 4.3. Reference evapotranspiration (ETo) of the Study Area for each Month.

Months Min Max Humidity Wind Sunshine Radiation ETo
temp temp (%) speed hours (hr) MJ/m?/day mm/day
(°C) (°C) m/sec
January 11.8 27.3 59 0.6 8.3 20.0 3.54
February 12.9 28.7 59 0.6 7.7 20.2 3.89
March 13.7 28.7 56 0.9 7.7 21.2 4.36
April 14.0 28.0 64 1.0 7.3 20.7 4.31
May 13.6 26.9 70 1.0 7.3 20.2 411
June 13.0 23.6 79 0.8 5.1 16.6 3.23
July 12.9 22.3 83 0.6 3.7 14.6 2.80
August 12.8 22.9 82 0.5 4.1 15,5 2.95
September 12.5 23.8 83 0.5 55 17.8 3.28
October 12.5 25.7 70 0.5 8.0 20.8 3.78
November 12.0 25.6 71 0.4 8.4 20.2 3.54
December 11.8 26.7 67 0.5 8.7 20.0 3.52

According to result of table 4.3 an average monthly maximum temperature for the study
area ranges from 22.3°C to 28.7°C. The highest values were obtained at February and
March. Monthly average minimum temperatures varied from 11.8 °C in December and
January to 13.6°C and 14 °C in May and April respectively. The humidity is ranges from
56 % to 83%, the highest is in September in the wet season. Wind speed varied from 0.4-
1.0 m/sec. Sunshine hours varied from 3.7 hours in July to 8.7 hours in December. The
ETo of study area increased from January and reached the maximum in March then it
decreased in June to reach the minimum in August and July every year. The actual ETo
values were varied from 2.8 mm/day in July to 4.36mm/day in March. Thus, the maximum
ETo was in March whereas the minimum ETo was in July. The average daily ETo is

3.62mm/day. The graphical representation of monthly ETo are shown in figure 4.1.

Mean Monthly ETo of Arjo didessa
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Fig 4.1. Average daily value of ETo for each month
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4.3.2. Crop Evapotranspiration (ETc)

The actual sugarcane water requirement of study area estimated using equation 3.2 for each
growing months and growth stages and the values are given in table 4.4 below.

Table 4.4: The ETc value for each growing month and growth stages of the study area

Growing ETc (mm/day)
Month/stage Crop growing stages (Months)
(0-3) (3-6) (6-15) (Above 15)

January 1.95 3.2 3.75 2.5
February 2.15 3.51 4.1 2.75
March 2.4 3.95 4.6 3.01
April 2.38 3.9 4.55 3.02
May 2.3 3.7 4.35 2.9
June 1.8 2.91 3.4 2.26
July 1.54 2.52 2.94 1.96
August 1.63 2.66 3.1 2.07
September 1.81 2.96 3.5 2.3
October 2.1 341 4 2.65
November 1.95 3.2 3.75 2.5
December 1.94 3.17 3.7 2.47

Table 4.4 shows that, The minimum average monthly sugarcane water requirements of the
study area started with low value 1.54 mm/d and 1.63 mm/d during the initial stage (0-3
month) in July and August, due to the minimum evapotranspiration in these months and
the lowest crop coefficient in these stages, then increased to a peak requirement of 4.6
mm/d and 4.55mm/d in growth stage (6-15 month) in the March and April, which is due to,
the highest evapotranspiration in these months and the highest crop coefficient in the
growth stages of 6-15 months. According to this study, the average cane water
requirements mm per day for the growing age of 0-3, 3-6, 6-15, and above 15 months were
2.0, 3.26, 3.82, and 2.54 mm/day respectively. Thus the maximum water requirement is in

6-15 months of cane age.

4.3.3. Effective Rainfall (Pe)

The effective rainfall of the study area estimated, using CROPWAT 8.0 model USDA,
SCS method from the 80% dependable rainfall for each month were given in Table 4.5
below. The 80% dependable rainfall computed from 23 years rainfall data with its
procedures is given in (appendix 2; Table 8).
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Table 4.5 : Effective Rainfall (Pe) for each Month of the Study Area

Month 80% Dependable Pe Pe
rainfall (mm) (mm/month) (mm/day)
January 1.3 1.3 0.04
February 2.6 2.6 0.09
March 28.9 27.6 0.89
April 65 58.2 1.94
May 120 97.0 3.12
June 224.4 143.8 4.79
July 278 152.8 4.92
August 235 146.6 4.72
September 246 149.2 4.97
October 69.3 61.6 1.98
November 21.1 20.4 0.68
December 2.6 2.6 0.08
Total 1294.2 863.7 28.22

According table 4.5, the average monthly Pe values were varied from 0.04 mm/day in
January to 4.97 mm/day in September. Average monthly effective rainfall exceeds crop
water requirement in the wet season from June to September, indicating no need for
irrigation in this season, because of the average monthly Pe in this wet season can fulfill
more than the need of crop requirement. Thus, surface drainage is needed to remove the
excess water from the field, especially in water logged fields. Other than, these wet seasons
irrigation water is needed to meet the crop requirement. Thus, the study supports the design
document that no need of irrigation water from June to September months. The daily ETo

and Pe variation on monthly bases are shown on Figure 4.2.

ETo & Pe of Arjo Didessa
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Figure 4.2. Mean monthly variation ETo and Effective rainfall
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4.3.4. Net irrigation requirement (NIR)

Net irrigation requirement (NIR) of study area estimated for each growing month and
growing stage using equation 3.3 were given in Table 4.6:

Table 4.6: The NIR for each growing month and growth stages of sugarcane

Growing NIR (mm/day)
Month/stage Crop growing stages (Months)

(0-3 (3-6) (6 —15) (Above 15)
January 1.95 3.16 3.71 2.46
February 2.15 3.42 4.01 2.66
March 2.4 3.06 3.71 2.12
April 2.38 1.96 2.61 1.08
May 2.3 0.58 1.23 *
June 1.8 * * *
July 1.54 * * *
August 1.63 * * *
September 1.81 * * *
October 2.1 1.43 2.02 0.67
November 1.95 2.52 3.07 1.82
December 1.94 3.09 3.62 2.39

According to table 4.6, the NIR of study area varies from 0.58 mm/day in 3 to 6 months
cane age in May to 4.01 mm/day in 6 to 15 months age of cane in February. The asterisk
sign (*) in table 4.5 shows that no need for irrigation water in the wet season from June to
September for 3-6, 6-15 cane ages and May to September for cane above 15 month ages,
due to the value of effective rainfall was greater than the sugarcane water requirement. For
crops age less than 3 months, the net irrigation requirement was intentionally made equals
to crop water requirement (ETc) to provide more frequent irrigation water requirement
(Tadesse and Guchie.., 2017). That is the reason for taking the net irrigation requirement
equals with crop water requirement (ETc) for crops age less than 3 months. In contrary, the
full irrigation water is needed in dry seasons from January to May and from October to

December.

4.4. Irrigation Scheduling

Water application depth and interval in days are the important elements in irrigation

scheduling. However, there was a problem in irrigation schemes applying the required

depth of water at the proper time to optimize crop yield. The irrigation interval in Arjo-

Didessa irrigation scheme is fixed and uniform schedule, the interval is 10 days with 22

hour set time. The irrigation interval was similar for different crop growing month and

stage. Furthermore, irrigation schedule is very important to achieve the maximum crop
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yield and water productivity. As a result, it needs to fix the most suitable and practicable
interval which is constant at each growth stages month. Additionally, plant water
requirement is highly dependent and varies on the growing stages, i.e. plant water demand
at initial stage is not equal to the plant water demand at development stage. As a result it is
better grouped the depth and interval based on growing stages. Furthermore, it helps to
minimize the confusion gaps on irrigation scheduling. For this study, the estimated
irrigation scheduling for the clay (vertisols) soils with respect to cane growing month and

stage were discussed in the following next sub topics.

4.4.1. Depth of Water Application

The net depth (Dn) and gross depth (Dg) of application was estimated for the clay soil of
the study area using equation 3.4 and equation 3.5 respectively and the results of for each
growth stages are given in Table 4.7:

Table 4.7: Net and gross depth of water application of Study Area

Parameters Sugarcane Stage of growth (month)
0-3 3-6 6-15 Above 15
Root depth (Dr) in (cm) 30 45 60 90
Moisture depletion factor (p) in % 60 60 60 60
Total available water, in mm/m 126.36 126.36 126.36 126.36
Net depth of application (Dn), in mm 22.7 34.11 45.48 68.23
Gross Depth of Application (Dg), mm 38.15 57.32 76.43 114.6

The result of Dn summarized in table 4.7 shows that net depth of water application is
increased with the stage of canes and effective rooting depth of canes. According to this
table the net depth of application is vary from age to age, which are range from 22.7 mm to
68.23 mm. Crops with age above 15 months need more water depth of application. Gross
depth of application is estimated based on the current actual sprinkler application

efficiency and sprinkler operating set time as currently practiced by project.

4.4.2. Irrigation Interval (I)

The actual irrigation interval of the study area estimated using equation 3.7 for clay soil
and each growing months and cane stages are given in Table 4.8. As shown in the table
4.8, the average monthly irrigation interval varied from 10 to 28 days through all growing
months and stages. Currently the project practices fixed irrigation interval of 10 days
irrespective of sugarcane growing month, stage of growth and soil type, which was

according feasibility study document.
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Table 4.8: Irrigation interval for each growing month and growth stages

Growing Irrigation interval (1), days
Month 0to3 3t06 6to 15 > 15 months
months months months

January 12 11 12 28
February 11 10 11 26
March 10 11 12 *
April 10 18 17 *
May 10 * *
June 13 * * *
July 15 * * *
August 14 * * *
September 13 * * *
October 11 24 23 *
November 12 14 15 *
December 12 11 13 28

According to the result in table 4.8, the irrigation interval varied with respect of growing
month and stage as shown in the table 4.8. The irrigation interval of study area varied from
month to month for the same growing stage due to the monthly climatic variations, and
also it varied from stage to stage for the same growing month due to variation of crop
coefficient and effective root depth across different age. As practical field experience and
the crop age of behavior, the first growth stage (0-3 month) of irrigation interval should be
reasonable to take as a week interval because the cane needs considerable amount of water
frequently at its initial growth stage (Abshiro and singh., 2016; Tadesse and Guchie..,
2017). It needs to check soil moisture status with nearby apparatus such as, augur test and
others soil moisture sensors. For the rest of growth stages irrigation intervals have to be
applying according to its growing month and growth age of the crop as the stated irrigation

interval in Table 4.8.

4.4.3. Actual Sprinkler Operating set time per Irrigation (T)

The actual sprinkler operating time of the study area estimated using equation 3.6 for each
month of growing stage under existing operating condition were given in Table 4.9.
Currently the project followed uniform/fixed 22 irrigation set hour irrespective of cane
stage of growth and the soil according to feasibility study and design document (2007)
with a design application efficiency of 75%. There is no information which shows weather
the soil physical properties of the project area are considered or not. A practice of uniform
irrigation scheduling without considering the soil type, growing month, and stage of crop

growth causes moisture stress.
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Table 4.9: Sprinkler Set Hour for each growing month and growth stages

Growing Month Sprinkler set hour (T), hours
0 to 3 months | 3to6 months | 6to 15 months | > 15 months

January 11.6 175 23.3 35
February 11.6 175 233 35
March 11.6 175 23.3 35
April 11.6 175 23.3 35
May 11.6 175 23.3 *
June 11.6 * * *
July 11.6 * * *
August 11.6 * * *
September 11.6 * * *
October 11.6 175 23.3 35
November 11.6 175 23.3 35
December 11.6 175 23.3 35

According to Table 4.9, the sprinkler set hour for the growth age of 0-3, 3-6, 6-15, and >15
month is 11.6, 17.5, 23.3 and 35 hours respectively. The asterisk sign (*) shows that no
need of irrigation as stated in table 4.6. Finally the result of this study shows the irrigation
interval and sprinkler set hour is varying with the growing month and growth stage of
crops, which is dependent on soil physical properties and actual sprinkler application
efficiency. Therefore, it is important to practice/fix a proper irrigation schedule with
respect to soil types, cane growth month, growing stage and actual application efficiency
of the study area. The above shown set hour was developed based on actual sprinkler
application efficiency of 59.5% estimated as currently practiced by project, considering
different growth stage and the soil physical properties as given in table 4.17. Thus, the

stated sprinkler set hour will be updated when the system is working under full capacity.

4.5. SPRINKLER PERFORMANCE INDICATORS
4.5.1. Actual Sprinkler Discharge rate and operating pressure

The actual infield measured volumetric discharge rate, sprinkler water application rate,
wetted radius and operating pressure were given in table 4.10. The infield measured data
were given in appendix 4 (table 12A and 12B). According to feasibility study and design
document of study area (2007), the sprinkler system is designed to work at a hydrant
pressure of 4.21bar with sprinkler discharge of 1.95m%hr or 0.54 lit/sec and wetted radius
15.0m. Currently, the existing system is working below design capacity. The actual
measured average sprinkler discharge and wetted radius was 1.06 m%hr and 12.8m

respectively. The actual operating pressure is varying from field to field (ranges from 3.0

59



to 4.0 bars) which is working below the design operating pressure of 4.21bar. The impact
of low pressure on water application rate is high.

Table 4.10: The actual measured values of filed sprinkler system of the Study Area

Parameters Fields

Fieldno 1 Field no 2
Hydrant pressure (bar) 3.5 4.0
Nozzle diameter (mm) 2.4*4.4 2.4*4.4
Average discharge, g, (lit/sec) 0.28 (1.01m°/sec) 0.31(1.12m>/sec)
Wetted radius (m) 12.2 13.4
Max. pressure along lateral, (bar) 3.5 bar 4.0 bar
Min. pressure along lateral, (bar) 2.95 3.5
Avg. pressure along lateral, (bar) 3.23 3.75
Max. Discharge along lateral, (lit/sec) 0.30 0.34
Min. discharge along lateral, (lit/sec) 0.26 0.3
Avg. Discharge along lateral, (lit/sec) 0.272 0.319
Sprinkler application rate, Ig, (mm/hr) 3.11 3.44
Pressure variation along lateral (%) 17% 14%
Discharge variation along lateral (%6) 15% 13%

As shown in table 4.10, the actual sprinkler application rate of 1.01m®sec and 1.12m*/sec
were obtained at 3.5 and 4.0 bar operating pressure respectively. This indicates the rate of
sprinkler water application increased as sprinkler pressure increased and vice versa. As a
result, the sprinkler discharge rate and the operating hydrant pressure has a positive
correlation with each other. The actual sprinkler discharge variation along laterals is 15%
& 13% and the pressure variation along laterals is 17% &14%. Merkley and Allen, 2004
recommended, the acceptable range of sprinkler discharge and pressure variations shall not
be above 10% and 20% respectively. Thus, the actual obtained discharge variation is above
and out of the acceptable range, and the pressure variation is within the accepted range.

In this study area, the common problems cause operating pressure and water application
rate is the loss of water in conveyance and insufficient flow capacity from the intake; due
to pump and pipe wear, breakage and leakage of field pipes, passage of dust through the
pipe system due to lack sufficient filters and the filling of off take filter with unnecessary
large debris and dust and nozzle clogging. This all factors have an impact on discharge rate
and operating pressure. Thus, the existing system needs a special attention on care,

maintenance and regular checkup for water delivery system components and operation.
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4.5.2. Water application uniformity for overlapping sprinklers (block test)

The actual coefficient of uniformity (CU) and Distribution Uniformity (DU) of the four
overlapped sprinklers were calculated using equation 3.11 & 3.12 from measured field
catch can data in two command area for 3.5 and 4.0 bar operating pressure and the result is

given in table 4.11. The individual catch-can data were given in appendix 5 (Table 13).

Table 4.11 : The actual CU and DU of four overlapping sprinklers

Field Hydrant Replications dav (mm) Dlg (mm) CU (%) DU (%)
Number/name pressure
(bar)
Field 1 Morning 25 1.56 69 62
35 Mid-day 2.16 1.4 74 65
Afternoon 2.29 1.4 72 60
Average 2.32 1.45 72% 62.5%
Field 2 Morning 2.9 1.93 76 67
4.0 Mid-day 2.7 2.0 83 74
Afternoon 2.75 1.8 78 66
Average 2.78 191 79% 69%

Where; dav=average depth of water in all catch-can, Dlq = average depth low quarter

Table 4.11 shows The average CU at 3.5 bar is 72% (varied from 69% to 74%) and 79%
(varied from 76% to 83%) were obtained at 3.5 & 4.0 bar hydrant pressure respectively
and similarly average DU of 62.5% (varied from 60% to 65%) and 69% (varied from 66%
to 74%) obtained at 3.5 & 4.0 bar. The uniformity is varying in morning, mid-day and
afternoon at the same hydrant pressure and sprinkler discharge due to the slight wind and
evaporation effect.

According to Merkley and Allen (2004), CU > 78% and DU> 65% is considered as the
minimum acceptable performance level for economic system design. According this,
recommendations, the CU and DU values of this study, obtained at 3.5 bar operating
hydrant pressure were falls below the minimum acceptable range, whereas the CU and DU
values obtained at 4.0 bar operating hydrant pressure falls within the recommended
minimum range (CU> 78% and DU>65%). Osei., (2009) says that, CU values of 80-90%
Is attainable for set - move systems which are properly designed and maintained, operating
under moderate wind speeds less than 16km/h. It has been found that CU values as low as
60% can occur with systems on undulating topography, with worn or plugged nozzles,
and/or under windy conditions. Keller and Bliesner., (2000) stated that, a DU of 85% or
greater is considered excellent, 80% is considered very good, 75% is considered good,

70% is considered fair, and 65% or less is considered poor and unacceptable. It is generally
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accepted that sprinkler systems should have a minimum DU of 75%. Therefore, the
uniformity of this study was in the range of fair to poor at the both 3.5 and 4.0 operating
hydrant, which indicate the low performance levels according to, the above recommended
ranges. Montero et, al, (2002) stated that low value of CU are usually indicators of a faulty

combination of factors such as nozzle size, working pressure and spacing of sprinklers.

According to Merkley and Allen, (2004), Operating pressure in combination with sprinkler
spacing and wind speed/direction affects sprinkler water application uniformity and overall
system performance in the case of set -move sprinkler system. If the pressure is too low,
the result is that the water jet does not break up and all the water tends to fall in one area
towards the outside of the wetted circle. If the pressure is too high then the distribution will
also be poor. A fine spray develops which falls close to the sprinkler. Spray from
sprinklers is easily blown about by even a gentle breeze and this can seriously reduce
uniformity. To reduce the effects of wind the sprinklers can be positioned more closely
together. According to Phocaides (2007), for good uniformity the sprinkler overlap pattern
should be corresponded to 65% of the sprinkler coverage diameter under light to moderate

wind conditions in square or rectangular patterns.

Merkley and Allen, (2004) also stated, operating pressure and application rate has
significant impact on uniformity. The application rate depends on the size of sprinkler
nozzles, operating pressure and the distance between sprinklers. Sprinklers will only work
well at the right operating pressure recommended by the manufacturer; optimum water
droplet distribution is achieved only under correct pressure. If the pressure is above or
below recommended by the manufacturer then the distribution will be affected. In Arjo-
Didessa irrigation project sprinkler spacing and sprinkler nozzle size are similar throughout
the system, but the existing operating pressure is varying from field to field (ranges from

3.0 to 4.0 bars) which is below design capacity of 4.21bar.

Therefore, the existing system is working far below design operating pressure and
discharge capacity due to poor field management practices, such as transport of
unnecessary dust material in the pipes and nozzle clogging due to lack of sufficient screen
filters, leakage through pipes, Pipe friction losses due to pumps and pipes wear which
increases friction. This all factors have an impact on application rate and operating

pressure, they reduce the energy of water flowing in pipes and so operating pressure at the
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sprinkler reduces, which in turn lowers the desired uniformity level. As field observation
of this study, the care and maintenance for existing system is very poor. Therefore, in order
to achieve desired water application uniformity, the system has to be functional with the
full design capacity. This is improved by immediate irrigation maintenance, regular
checkup and correction for any of existing field water delivery components and system
operation.

4.5.3. System uniformity

In order to account the pressure variation, the system uniformity coefficients (SCU) and
the system distribution uniformity coefficients (SDU) was calculated from the uniformity
of actual individual tests (using Eqn3.14 & 3.15), based on the average pressure (Pa) and
minimum pressure (Pn) across the lateral. The results are indicated in table 4.12.

Table 4.12 The measured result of the SCU and SDU

Field Hydrant | Pn, bar | Pa, Replications | CU DU SCU SDuU
Number/name | pressure bar (%) (%) (%) (%)
(bar)
Field 1 Morning 69 62 67.5 60
3.5 2.95 3.23 Mid-day 74 65 72.5 63
Afternoon 72 60 70.5 58
Average 72 625 |70.5% |60.5%
Field 2 Morning 76 67 75 65.5
4.0 35 3.75 Mid-day 83 74 81.5 72
Afternoon 78 66 77 64.5
Average 79 69 78% 67.5%

Pn = minimum sprinkler pressure at whole field, Pa = average sprinkler pressure of entire system

According to table 4.12, the average SCU of 70.5% & 78% and average SDU of 60.5% &
67.5% were obtained at respective operating pressure of 3.5 bar & 4.0 bar respectively.
The result shows, System uniformity is less than the actual application uniformity (CU and
DU) obtained from individual tests. According Keller and Bliesner, (1990) the system
uniformity is less than actual uniformity, due to the pressure and discharge variations
throughout the irrigated field during the operation time. Merkley and Allen (2004) also
stated that, the uniformity is usually less when the entire sprinkler system is considered,
because there tends to be greater pressure variation in whole system than at any given
lateral position. If Pn is equal to Pa, there is no pressure variation and then System
uniformity and actual uniformity is equal. In this study, the values of the SCU and SDU are

very closely less to the calculated actual CU and DU values of individual tests, this

63




indicate that the pressure variations is within the systems are small. As discussed
previously the measured pressure variation is with in recommended acceptable range of
20% as suggested by Merkley and Allen, (2004)

4.5.4. Water application uniformity for single sprinkler test

The actual CU and DU of single sprinkler test is made by placing 64 catch can in 3x3m
square grid position round the sprinkler. The same equations as for block test were used
and actual results were given in table 4.13. The infield individual catch can data were
given in appendix 5 (Table 14A, and 14B).

Table 4.13: The actual CU and DU of the single sprinkler test

Field Hydrant Replications | dav (mm) | DIlg (mm) | CU (%) DU (%)
Number/name pressure
(bar)
Field 1 Morning 1.55 0.8 61 51
3.5 Mid-day 1.48 0.7 65 46
Afternoon 1.6 0.8 63 50
Average 1.54 0.76 63% 49%
Field 2 Morning 1.46 0.8 65 55
4.0 Mid-day 1.54 0.77 70 50
Afternoon 1.52 0.87 66 57
Average 1.51 0.82 67% 54%

Table 4.13 shows, the actual average CU of 63% and 67%, and whereas actual average DU
of 49% and 54% were obtained at operating pressure of 3.5 and 4.0 bars respectively.
According to field test, the actual application uniformity of a single sprinkler is different
from time to time for the same hydrant pressure and sprinkler discharge due to wind and
evaporation effect. The wetting pattern from a single rotary sprinkler is not very uniform.
For good uniformity several sprinklers must be operated close together so that their
patterns overlap. The result shows, the actual uniformity of single sprinkler working alone
is very less than the uniformity of four overlapped sprinklers working together. This shows
that the better acceptable actual application uniformity is achieved when sprinklers are

overlapped together to reduce the wind effect.

However as discussed above the existing overlapped sprinkler uniformity with 18mx18m
of design spacing is also not satisfactory with existing operating pressure, which ranges
from fair to poor. According to Merkley and Allen, (2004), uniformity is mainly a function

of design and subsequent system maintenance. Therefore, in addition to system
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maintenance, evaluation of system design and management is also very important. As
suggested by Merkley and Allen, (2004) and Osie, (2009), the sprinkler catch can data is
often overlapped for various sprinklers and lateral spacing’s to evaluate uniformities for
design and management purposes. Thus, in this study different four spacing types were
tested from single sprinkler catch can data as discussed in next sub-topic. The result is very
Important to suggest proper spacing pattern which gives acceptable uniformity level with

combination of existing operating pressure.

4.5.5. Selecting Sprinkler spacing

As state in the above, different overlapped spacing of 12m*18m, 12m*12m, 18m*12m,
and 9m*12m were tested, with their respective hydrant bar operating pressure. The
overlapped catch can data were simulated from the measured actual single sprinkler catch
can data using spreadsheet program which was similar as suggested by Merkley and
Allen, (2004) and Osie, (2009). The measured CU and DU of these different spacing’s
were given in table 4.14. The actual overlapped catch can data of stated spacing types were

given in appendix 5 (Tablel5)

Table 4.14: CU and DU value for different overlapping spacing of single sprinkler

Spacing At 3.5 hydrant bar pressure At 4.0 hydrant bar pressure
CU (%) DU (%) CU (%) DU (%)
12*18m 78 72 81 77
12*12m 84 81 86 83
18*12m 75 70 80 74
9*12m 85 82 88 85

As shown in table 4.14, the CU and DU value of the 12*18m, 12*12m, 18*12 and 9*12 m
spacing’s for both of hydrant operating pressure was greater than the existing design
overlapping sprinkler spacing of 18*18m. Specially, the values for 12*18m, 12*12m, and
9*12 m spacing’s are in acceptable recommended range of uniformity level at both
operating pressures. According to USDA, (2016), the basic criterion governing the
selection of spacing for any given sprinkler nozzle-pressure and wind combination is the
desired distribution uniformity. Higher values of CU generally require closer nozzle or
lateral spacing, higher operating pressures, or both, which in turn require higher investment
and perhaps operating costs. Thus, some balance is required. Therefore, keeping in view of
economy, wider spacing of 12mx18m is recommended for existing system operation of
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study area, to have very good water distribution with CU of 78% and 81% and DU of 72%
and 77% at stated respective operating pressure under existing wind condition of the area.
Phocaides (2007) stated that, in order to obtain good distribution uniformity by
overlapping, the sprinkler spacing (Sm) should not exceed 65% of the sprinkler diameter

coverage under light to moderate wind conditions in the square and rectangular patterns.

4.5.6. Potential application efficiency (PAE) and PAELQ

Potential application efficiency is the relationship between the water collected by the
catch-cans and water discharged by the sprinkler. The difference between the actual
discharge and the water collected is attributed to evaporation and wind drift losses during
the irrigation event, mainly as a result of environmental conditions. The potential
application efficiencies (PAE) and potential application of low quarter (PAELQ) values
which determined from the surface uniformity of catch cans depth data measurements
using equation 3.16 & 3.17 were tabulated in table 4.15 below.

Table 4.15 PAE and PAELQ of study area

Field no Hydrant | lg, mm | Replication | dav (mm) Dlg PAE, % | PAELQ,
Pressure (mm) %
(bar)

Field no 1 35 3.11 Morning 2.5 1.56 80.5 50
Mid-day 2.16 1.4 69.5% 45
Afternoon 2.29 1.4 73.5 44.5
Average 2.32 1.45 745% | 46.5%

Field no2 4,0 3.44 Morning 2.9 1.93 83.5 56
Mid-day 2.7 2.0 78 58
Afternoon 2.75 1.8 79.5 52
Average 2.78 1.91 80% 55.5%

As shown in table 4.15.PAE based on the mean depth of catch can varies from 69.5% to
83.5%, whereas obtained PEALQ value varies from 44.5% to 58%, on both operating
hydrant pressure. The minimum PAE and PAELQ value was obtained at 3.5 bars. This
result was taken without considering the evaporation losses from catch cans during the
experiment. The average PAE of 74.5% & 80% and average PAELQ of 46.5% & 55.5%

were obtained at 3.5 and 4.0 bar hydrant pressure respectively.

PAE is the relationship between the water collected by the catch cans and actual water
discharged from the sprinkler, and the difference between them is attributed to evaporation

and wind drift losses during the irrigation event. As shown in table, PAE increases with
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increasing operating pressure. But, according to Merkley and Allen, (2004), if operating
pressure is too high and above the recommended condition, wind drift and evaporation loss
also high due to the fineness of sprinkler water application and PAE decreases due to
increasing pressure. Thus the PAE influenced by environmental condition and droplet size,
in which optimum droplet size is obtained at correct operating pressure. PAE also varies
during morning, midday and afternoon at same hydrant operating pressure due to
environmental conditions at the time of irrigation. According to result evaporation and
wind effect is high at mid-day and slightly at late day. The mean air temperature during the
test is high at midday, but the wind condition ranges from 1.5 km/hr to 3.65km/hr, which is

categorized under light condition, thus the impact of wind very small.

Merkley and Allen, (2004) stated that, it is not enough to have uniform application if the
average depth is not enough to fill the root zone to field capacity. Similarly, it is not
enough to have a correct average application depth if the uniformity is poor. We can design
a sprinkler system that is capable of providing good application uniformity, but depth of
application is a function of set time (in periodic-move system). Thus, uniformity is mainly
a function of design and subsequent system maintenance, but application depth is a
function of management. Thus, it is important to evaluate the potential efficiencies of the
lower quarter (PAELQ) which include the concept of uniformity and adequacy of irrigation
as proposed by USDA. It is a measure of how effectively the system can utilize the applied

water and low values indicate design or management problems.

It is, therefore, PAELQ is a measure of the best management practice and should be
thought of as the full potential of the system (Jensen, 1983). According to Keller and
Bliesner, (1990) recommendations, the PAELQ should be greater than 60% for typical
potential application efficiencies for well-designed and managed irrigation systems. But,
the values of PAELQ obtained for this study are less than the recommendation value for
both hydrant pressures. This indicates as the water losses increased and the application
efficiency was lowered, which are mainly affected by system design and management

factors, such as; time of irrigation, non-uniform distribution, lack of system maintenance.

Operating pressure and discharge rate of sprinklers has significant impact on irrigation
water application efficiency and the overall performance of the irrigation system. In the

existing system, the design operating pressure is affected by system pipe leakage and
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insufficient flow capacity due to lack of system maintenance. A number of the components
are affected by sedimentation, weed growth, flooding, and erosion. In rainy season any soil
particle or sedimentation, and any large matters are easily passed to the pipe system due to
lack of sufficient filter. This causes the pipe breakage and low flow rate at different fields
up to the hydrant and nozzle clogging. Sprinkler nozzle wear and clogging causes the
operating pressure and application rate capacity. Additionally, problems such as, noisy
pumps, lack of sustainable and regular power supply for operation of pumps, lack of faults,
lack of recording information and correction for any system failure (such as: location,
timing of failure, failure types, cause of failures), lack of pressure gauges instruments for
daily checkup of operating pressure are observed. This indicates the existing operation

management regarding system care and regular irrigation maintenance has its gap.

Figure 4.3 Factors affect the performance level and in field water application

The effects of all these combined gaps increases the water loss, non-uniformity of water
application in most fields and over application of water in some fields, and final reduces
the system irrigation efficiency. Therefore regular checkup of the system, care,
maintenance, is very important for efficient operation of the system. Regular maintenance
provides the opportunity for inspection and minor repairs to prevent potential system
failure. To achieve the acceptable application efficiency, it is better to apply Preventive
maintenance program as recommended in Design document and to work with design
operating pressure. Additionally, to obtain good water application performance with
existing operating pressure, it is better to use 12mx18m of sprinkler spacing as discussed in
sprinkler spacing topics. The effect of sprinkler nozzle characteristics (i.e size, number,
and diameter) on system efficiency is not investigated in this study, but it is important to
aware that mismatched nozzle size with pressure and sprinkler spacing has also an impact
on water application efficiency.
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4.5.7. Actual Application Efficiency (AEa)

Application efficiency refers to the amount of water needed for crop production compared
with the amount applied to the field and depends on system uniformity and management. It
is the ratio of the amount of irrigation water beneficially used to the amount of applied
water. It can be defined as the ratio of the depth of water used by the plant to the depth of
water applied to the field (Zerihun et al., 1997).

» On-Field storage Efficiency (Es)

The application efficiency measured based the fraction of water that actually stored in root
zone, can be obtained at field condition by current management system was determined
based on the average depth of water applied (dg) and actually stored in the effective root
depth (ds) using equation 3.18. The dg was measured using equation 3.20. The average

result of Es was given in table 4.16.

Table 4.16; On-Field storage efficiency of study area

Fields Hydrant Depth of applied Depth of water Es (%)
pressure (bar) water (dg), in mm stored (ds), in mm
Fieldl |35 68.45mm 44.22mm 64.6
Field2 | 4.0 75.8mm 48.4mm 63.8
Average | 64.2%

The AE relates the actual storage of water in root zone to meet the crop water need in
relation to the water applied to the field. Thus, to compute Es it is necessary to identify the
amount of water stored in the root zone. Actual stored water was determined by taking soil
sample before and after irrigation. Gravimetric method has used to determine an average
soil water deficit for each site, which was used in the subsequent determination of
irrigation efficiency. Finally, application efficiency would obtain from the percent ratio of
depth of water added and stored in crop root zone to the depth of water applied to a field.

The actual application efficiency, Es, was obtained for this study was 64.6% and 63.8% for
hydrant pressure of 3.5, and 4.0 bars respectively. The result shows, the application
efficiency decreases with increasing operating pressure because the fineness of droplet
increases with pressure as a result evaporation and wind drift loss increases from water
sprayed and the application efficiency lowered. Actual Application efficiency refers to the
amount of water applied that is stored in the crop root zone and depends on system

uniformity and management (Merriam et al., 1983). It was determined in order to evaluate
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how well the system can apply water and it is a measure of management losses. According
to Keller and Blisner, (1990), the irrigation efficiency for pressurized irrigation system
should be greater than 85%. Therefore the measured actual irrigation efficiency does not

meet this recommendation.

It is important to note here that the application efficiency, which is the ratio of depth of
stored to depth of water applied; indicates that the fraction of water applied at the sprinkler
nozzle which effectively stored in the effective root zone, and is equal to the storage
efficiency. Which means it is not consider the actual water required SMD by the crop in

effective root zone.

» On-field Actual Water Application Efficiency (AEa)

According Merkley and Allen, (2004) application efficiency is mainly influenced by actual
sprinkler depth of application, which is a function of set time and management. For this
study, the actual application efficiency which is a measure of current management was
measured at field condition by considering net depth of irrigation application needed or
SMD in each effective rooting depth of growing stage of sugarcane with amount of water
applied to the field which is measured for a given operating pressures, sprinkler spacing of
18mx18m and 22 hours irrigation set time as currently practiced by project. AEa was
measure using 3.19 and the average result estimated for each growing stage was given in
table 4.17.

Table 4.17: The actual application efficiency based on required depth of application

Field | [Hydrant g, mm | dg, in mm Actual application efficiency (AEa), %
No | [pressure, Net depth of application needed Dn | Awvg.
bar (mm) for Stage of growth

0-3 3-6 6-15 >15

22.7 | 34.11 | 4548 | 68.23
Field 1 3.5 3.11 68.45 33% 50% | 66.5% | 99.5% | 62.5%
Field 2 4.0 3.44 75.8 30% 45% 60% 90% | 56.5%
Total average 59.5%

Where; dg = actual gross application depth from sprinkler

As shown in the table 4.17, the existing AE varied through crop growing stages, due to the
variation of required depth of application with respect to effective rooting depth of
different crop stage. The average AE of overlapping sprinklers measured for all growing
stage were 62.5% and 56.5% at 3.5 and 4.0bar operating pressure respectively. It varied
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with crop growing stage and it also varied with the different operating pressure of the
similar growing stage. As shown in the table the AEa value for all growing stage was less
than 100%, which means the actual sprinkler depth of application is more than the needed

depth of application.

The existing system was designed to apply water at 10 days irrigation interval for 22 hour
set time irrespective of the soil type and growth stage with application efficiency of 75%.
However, according to this study the average actual application efficiency of the
overlapping sprinklers estimated by considering different effective root depth with their
respective of growing age was 59.5%, which is below design application efficiency. As
shown in table over application and more water loss is observed in 0-3 month & 3-6 month
cop growing stage due to excess water may be applied in 22 hrs than required depth in
those crop stages and absorbed by the soil profile thus leading to wastage, and in addition,
under water applications were obtained in some of crops above 15 month fields when
considering other unavoidable losses and environmental factors. This causes poor cane

growth and which intern reduces the expected crop yield.

Finally, the result of this study clearly indicates, the existing actual water application
performance is poor due to system design and management problems. The irrigation set
hour with actual sprinkler operating pressure has a significant impact on existing actual
application efficiency such as applying uniform irrigation scheduling irrespective of soil
characteristics, growing stage and month. A practice of uniform scheduling (depth and
interval) through all growing stages created a problem of over irrigation (deep percolation
loss) at initial and development stage, and under irrigated during mid and late growing
stages (water stress). The reason is that, water uptake capacity of the crop is directly
related to the root development and vegetative development stages. Consequently it leads
to low water productivity and low crop production results. Thus, it is better to fix irrigation
scheduling of sugarcane by considering net depth of application needed in effective root
zone of each growing stage and based on actual water application efficiency, to achieve
better irrigation water management and crop production. As a result application efficiency
of 59.5% was used to develop irrigation set hour for this study based on the existing actual

operating condition.
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The actual application efficiency (AEa) does not give any indication of the level of
adequacy of the irrigation system and with the exaggerated under irrigation it may be
100%. In other words, AEa only indicates the fraction of applied water stored in the root
zone that is potentially accessible for evapotranspiration. Since, the above potential and
actual efficiencies do not indicate the level of adequacy, it is important to evaluate the
efficiencies, which include the concept of uniformity and adequacy of irrigation

4.5.8 Adequacy of irrigation

The effectiveness use of a given sprinkler system can be determined from how much of the
applied water is stored in the soil and available for consumptive use and how uniformly it
is applied. Irrigation adequacy is generally defined as providing a satisfactory irrigation
depth in the field or is the percentage of a field that receives a sufficient amount of water to
maintain quantity and quality of crop production at profitable level; it depends on system
uniformity and management (Cuenca, 1989; James, 1993). It is possible to attain a very
high AE in a field by under irrigating. A parameter, complementary to AE, indicating the
degree to which the target or required depth is met should be included in any list of
pertinent performance measures. Adequate watering takes into account the water added to
the effective root zone, but does not raise the soil water content to or above the target level.
For a single irrigation event it is pertinent to include a parameter which determines how
well the required depth of water has been satisfied. In many cases managers and
researchers are interested in the low-quarter depth just equaling the required depth, this is
termed the low-quarter adequacy (ADIq). For this study the adequacy performance of
irrigation was determined from the measured low quarter distribution uniformity of each
hydrant pressure and amount of water required to be stored in crop root zone using
equation 3.21 as defined by Burt et al., (1997) and the result were given in table 4.18

Table 4.18; the lower quarter adequacy of each test

Field no Hydrant Depth of Dlg ADIq
pressure (bar) stored
Field 1 1.56 0.78
35 2.01 1.4 0.7
1.4 0.7
Average 0.72
Field 2 1.93 0.87
4.0 2.2 2.0 0.90
1.8 0.82
Average 0.86
Total average 0.79
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The results of average lower quarter adequacy were 0.72% and 0.79 for the respective
operating hydrant pressure of 3.5 and 4.0 bar. The values vary from 0.7 to 0.90 for all
experiments at all operating pressures. Ascough (2004) states with this definition, ADIq <
1.0 implies under irrigation, whereas ADIg > 1.0 implies over irrigation. Therefore as
shown in Table 4.17, the ADIq value of all tests are less than 100%, according this
definition the existing system is completely under irrigated, which means none of the
irrigated areas received the depth of water it required or the current irrigation practices
cannot meet crop water requirement in well. The adequacy level of the irrigation system is
very low at all operating hydrant pressure. This indicates that there was water stress at all
hydrant pressure considered.

Arjo-Didessa irrigation systems were designed to apply, on average, 132.4 mm of water
every 10 days of irrigation interval for 22 hours, but the actually measured applied water
depth ranges from 64.78mm to 82.11 mm of water at 22 hour of application time. Average
actual application depth is 72.11mm. This indicates that the system is under irrigated
compared to design irrigation. This means the amount water applied to the field is not
sufficient or the irrigation area cannot receive the required depth of water. Figure 4.9
shows the difference in growth height, non-uniform growth, poor stand and yellowing of
planted cane observed at the study area due to water stress.

. > g

Figure 4.4. Poor growing canes due adequacy of water
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5. CONCLUSION AND RECOMMENDATION
5.1. CONCLUSION

The Assessment of Arjo-Didessa irrigation system performance has a great importance and
vital to know its status, gaps and the influencing factors. This study was undertaken to
assess the actual sprinkler irrigation performance of Arjo-Didessa Sugar project based on
the current operating condition and to comparing with its potential performance during
design period and with standard sprinkler system recommendations. The study identifies
the common gaps existed in actual operating condition and has made opportunities for
improvements of existing system performance. The primary and secondary data were
collected. The Infield water application performance test was conducted in two fields for
3.5 bar & 4.0 bar operating pressure and important sprinkler performance indicators were

measured.

According to design document of study area, the existing sprinkler system is designed to
operate at 4.21 hydrant pressure, 1.95m%hr discharge rate and to apply water at 10days of
irrigation interval and 22hrs set time with application efficiency of 75%. However, the
actual maximum operating pressure is 4.0bar and average measured sprinkler discharge
rate is 1.06 m%hr. The actual Sprinkler discharge variation across laterals was above and
out of the range accepted value of 10% and whereas the pressure variation is within the
accepted range value of 20%. The existing operating pressure and discharge rate is
working below design capacity due to lack of sufficient flow capacity through the system
influenced by lack of regular system maintenance such as nozzle clogging, leakage of
pipes and breakage of field components in existing system The irrigation interval estimated
based on required depth of application in different rooting depth varies from 10 to 28 days
through all growing month and growing stage. Actual Irrigation set hour of existing system

estimated based on AEa was varying from 11.6 to 35 hours through all growing stage.

PAE of 74.5% and 80% and PAELQ of 46.5% and 55.5% were obtained at 3.5 and 4.0 bar
respectively PAE increases with increasing operating pressure, it also varies during
morning, midday and afternoon at same hydrant operating pressure due to environmental
conditions at the time of irrigation. The mean air temperature during the test is high at
midday, thus the effect of evaporation is high at mid-day and slightly at late day, but the

wind condition during the entire test was categorized under light condition, so the wind
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impact is very small. The values of PAELQ obtained for this study is less than the
recommendation value of >60%, which indicates not sufficient, for typical potential

application efficiencies for well-designed and managed irrigation systems.

For overlapping sprinkler test, average CU of 72% and 79% and average DU of 62.5% and
69% were obtained at 3.5 & 4.0 bar hydrant pressure. The obtained result is in the range of
poor to fair at both successive hydrant pressures. The values of System uniformities are
very closely less to the calculated actual values of individual tests, this indicate that the
pressure variations is within the systems are small. The result of single sprinkler uniformity
test is far below than the overlapping test, which indicates better acceptable actual
application uniformity is achieved when sprinklers are overlapped together to reduce the
wind effect. The dominant factors affecting water application uniformity is the existing
operating pressure and discharge rate is working below design capacity due to poor system

maintenance and field management problems.

According to Merkley and Allen, (2004), uniformity is mainly a function of design and
subsequent system maintenance. Operating pressure with combination of sprinkler spacing
has a significant impact on uniformity. To assess the design and management of existing
practices, four types of spacing were tested from single sprinkler catch can data with
existing operating pressure as suggested by Merkley and Allen, (2004) and Osie, (2009).
Therefore, keeping in view of economy, wider spacing of 12mx18m is recommended for
existing system operation of study area, to have very good water distribution with CU of
78% and 81% and DU of 72% and 77% at stated respective operating pressure under
existing wind condition of the area. In general the result of this study shows the application
uniformity of sprinklers is increasing with increasing operating pressure and decreasing

sprinklers spacing.

The average AEa of the overlapping sprinklers estimated by considering depth of
application in different crop growing stage was 59.5%, which is below design application
efficiency. The existing AEa varied through crop growing stages, due to the variation of
required depth of application with respect to effective rooting depth of different crop stage.
Thus, the set hour, also vary with the amount of required depth through growth stages at
existing sprinkler application rate. Thus, AEa is influenced by depth of application, which

is a function of set time and management. Finally, the existing actual water application
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performance is poor due to system design and management problems such as applying
uniform irrigation set hour for all crop growing stage. The results of average lower quarter
adequacy were 0.72% and 0.79 for the respective operating hydrant pressure of 3.5 and 4.0
bar. According Ascough (2004) the existing system is completely under irrigated, which
means none of the irrigated areas received the depth of water it required or the current

irrigation practices cannot meet crop water requirement in well.

Generally, the result of this study indicates, the existing actual performance is at poor level
and not working as expecting potential performance during design period. The existing
gaps are interrelated each other and in general categorized into design, management and
system maintenance problems. The numbers of functional components initially installed
has been becoming nonfunctional due to system maintenance and management problems.
Additionally, due to the frequent power supply interruption, all existing electric pumps
disturbs proper functioning of the pumps to affect amount of water delivery for irrigation,
which does have negative implication on the performance of the irrigation systems.

Nasab et al., (2007) in their evaluation of sprinkler systems in Iran, concluded that the
main problems of sprinkler irrigation systems are deficient design and implementation, low
distribution uniformity, low water pressure, deficient distribution of pressure, insufficient
lengths of lateral pipelines in addition to poor quality equipment and deficient management
and maintenance processes. These problems are similarly observed in Arjo-Didessa
Sprinkler irrigation system. Therefore, the result of this study has made opportunities for
government and existing management in identifying the suitable improvement approaches

for existing system performances.

5.2. RECOMMENDATION

Generally, based on the assessment done and the study result evaluation, the following

recommendations were forwarded:

v" It is better to follow irrigation interval and sprinkler set hour based on the growing
month, and stage of growth and current measured actual application efficiency.

v In order to attain the acceptable water application uniformity range, the system has to
be work either with full design capacity or needs some design modification with
existing operating pressure. Sprinkler spacing of, 12 x 18 m is suggested with current

operating condition.
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v Regular checkup, service, care, maintenance of the system must be adopted. The
project has to fix common cleaning day for the whole system. The pressure
measurement devices should be available in numbers to check the daily operating
pressure. The operating pressure should be checked against design pressure and
corrected accordingly.

v" Proper awareness, training and instruction must be given for the experts, operators and
irrigators how to operate the system.

v’ Sustainable and alternative power source shall be taken as an option to increase pumps
running time. All the electric pumps should be repaired to achieve the desired capacity.

v" Furthermore, this study paper focused the performance assessment at existing operating
condition by considering the operating pressure and the sprinkler spacing parameters
on water application performance. Further detail studies are required by considering the
effect of existing nozzle characteristics (size & number), riser height on water
application performance and additionally, experimental investigations are required on
quality of equipment, pump efficiency, pipe diameter and network.

Finally, as all we know currently the Grand Ethiopian Renaissance Dam (GERD) is on

construction on Nile River. Roughly a quarter of the total flow of Nile River as measured

at the Sudan border originates from Didessa sub-basin (Sima, 2011; Awulachew et al.,

2008). However, the flow of Didessa River is reduced due to the combination effects of

climate change and upstream water development for irrigation including Arjo-Didessa

sugarcane irrigation project (Shaka, 2008). Currently the project is practicing both surface
and sprinkler irrigation. Thus the author would like to recommend for the factory to
practice water saving irrigation system i.e sprinkler irrigation, considering long term

economic benefit.
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APPENDICES

Appendix 1: climate data
Table 1: Average monthly Rainfall (mm) from Bedelle station.

Year/ Jan Feb | Mar | Apr May | Jun Jul Aug | Sep | Oct Nov | Dec
month

1996 483(335| 210| 103| 296 | 205| 298| 197 | 237 50 | 446 | 13
1997 527 | 18| 498 | 142|3286| 307 | 221| 304| 232| 309|401 | 24
1998 13.1 | 146 | 87 57| 203| 332 3104 | 327| 291| 245|585 0.9
1999 28| 29| 13| 208| 401| 408| 339| 235| 324| 318| 81| 39
2000 108 | 06| 139| 123| 222| 371| 212| 273| 286 | 242|293| 7.8
2001 03| 33| 87 69| 323| 353| 297 | 343| 380 | 223|302| 27
2002 156 | 3.8 | 62.6 38| 120| 298| 374| 202| 253 34| 28| 46
2003 71| 66| 839| 131 369| 320| =278| 270 | 197 33132 | 96
2004 63| 26| 46.3 81| 248 | 407| 308| 279 | 293 | 168 |621| 15
2005 15| 22| 122 65| 117| 278| 363| 408| 486 | 138| 83| 0
2006 02| 39| 90.6 75| 230| 399| 391| 340| 364| 230 104| 95
2007 146|693 | 787| 135| 174| 352| 320| 308 | 386 58 | 21.1| 1.4
2008 412 | 27| 38| 223| 381| 201.8| 402 | 297 | 228 | 150|327 | 12
2009 19 | 422 | 289 | 163 | 1154 | 337| 350 | 366 | 341 | 2262|291 | 24
2010 13| 89| 64 98| 365| 385| 401 | 364 | 317 | 243|743| 13
2011 0363 71.2 49 | 1102 | 306 | 297.7 | 232.3 | 284.6 | 103.1 | 75.3 | 8.1
2012 144 | 43| 606| 948 | 243| 296.4| 311 | 329 | 296 | 69.3| 48137
2013 6| 39| 74| 178| 312| 346 | 250.7 |299.8| 291 | 194|319 16
2014 48| 61637 1472| 290| 338| 351| 387|309.7| 1447 | 73| 26
2015 12162 49| 119| 316 | 3227 | 374|331.2| 301 | 156 |69.6 | 11
2016 35| 09| 599| 805 3041 | 2188 | 258 | 352| 246 | 150 | 4.3|195
2017 0|50.1| 43.8| 106.7 | 245.7 | 224.4 | 362.4 | 312.8 | 311 | 1533|404 | 9
2018 6.4 | 635| 88| 43.8| 274.3| 2202 | 2864 | 230 | 314 | 2203 | 403 | 97

Table 2: Average monthly Maximum temperature (°C)
Year |Jan | Feb | Mar | Apr | May |Jun |Jul | Aug | Sep | Oct | Nov | Dec
2005 20.1| 293 | 283 | 282 | 271|232 | 229 | 23.4| 23.3| 254 | 26.6 | 27.0
2006 28.1| 290 | 26.0 | 27.7 | 273|227 | 223 | 223 | 23.0| 246 | 26.0 | 26.3
2007 242 | 284 | 28.0| 28.4 | 26.2 220 | 223 | 21.7 | 22.6 | 25.0| 24.3 | 26.3
2008 248 | 268 | 28.0| 27.0| 26.8|23.0| 215 226 | 23.1| 25,6 | 25.2 | 26.5
2009 281 | 29.1| 272 | 285 | 275|25.1| 230 | 245 | 235| 265 26.3 | 27.5
2010 272 | 270| 285 | 28.1| 26.7 229 | 216 | 21.8| 24.1| 26.0|24.8 | 26.1
2011 262 | 29.1| 282 | 27.0| 279|240 | 221 | 24.0| 23.8| 26.2| 26.5| 27.0
2012 281 | 28.7| 288 | 28.4 | 275 | 23.7| 21.5| 220 | 23.2| 253|246 | 26.5
2013 256 | 285 | 29.0| 274 | 265|248 | 235 | 23.8| 245 | 26.2| 253 | 26.7
2014 288 | 29.1| 293 | 28.0| 265|221 | 21.2 | 220 | 234 | 251|248 | 245
2015 26.4| 293 | 30.3| 28.6 | 275|240 | 21.2| 225 | 23.8 | 258 | 26.5 | 27.8
2016 273|294 | 294 | 28.1| 25,6 | 235 | 222 | 23.0| 24.1| 26.7 | 26.6 | 27.3
2017 202 | 286 | 30.2 | 28.7| 26.0| 254 | 225 | 235 | 25.0| 25.9|26.0 | 27.1
2018 275| 285|295 | 276 | 270|240 | 228 | 23.1 | 25.1| 25.9| 25.6 | 27.6
2019 2841 292 | 294 | 278 | 273|236 | 23.1| 228 | 23.8| 254|254 | 26.3
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Table 3: Average monthly Minimum temperature (°C)

Year |Jan | Feb | Mar | Apr | May | Jun | Jul Aug | Sep | Oct | Nov | Dec

2005 [ 129 | 135|145 | 147 | 1445|143 | 139 | 142 |134 |13.0]133 | 13.0

2006 | 115 134|136 | 141 |1434 131 | 127 | 124 |12.7 |12.0|12.0 | 10.9

2007 | 117 | 131|138 | 1367|123 |128 |13.0 | 1278|123 | 119|112 | 121

2008 | 113 | 125|133 | 147 |[129 |138 |125 122 |116 |124|113 |123

2009 | 112 108|121 119 |124 |112 |116 |11.0 |109 |11.110.7 |11.0

2010 | 119 129|127 | 144 |[139 |136 |135 125 |125 |119 120 |11.0

2011 | 115 121|120 137 |131 |123 |13.0 | 135 |134 |125|12.0 | 11.22

2012 | 119 | 136|141 | 130 |[138 |121 |127 |123 |121 |12.1 132 |13.0

2013 | 128 | 13.0 | 147 | 147 | 146 |142 | 139 | 144 |135 |13.3|13.0 | 132

2014 | 118 |13.1]13 139 137 |13 122 122 |12 131110 | 11.0

2015 | 116 | 133|155 | 142 |[139 |134 |125 133 |126 |125|116 | 120

2016 | 116 | 125|152 | 153 | 140 |13.7 |139 136 |13 128 | 11.0 | 115

2017 | 119 | 132|144 | 140 | 140 |12.7 |13.0 |13.0 |13.1 |13.0]118 |11.0

2018 | 113 |133]124 | 134 |133 |131 |132 |13.0 |124 |13.2|126 | 123

2019 | 117 | 134|141 | 140 |138 |121 122 | 118 |123 |123|129 |12.2

Table 4: Average monthly Relative Humidity (%)

Year | Jan Feb | Mar | Apr | May | Jun | Jul Aug | Sep | Oct | Nov | Dec

2005 56 50 43 58 70 71 80 85 83 | 658 | 73 71

2006 | 51.8 | 59 50 55 70 76 84 86 80 72 | 68.9 | 67.3

2007 58 42 56 65 | 725 | 73 83 73 73 70 75 66

2008 62 66 59 63 60 72 81 79 80 64 61 65

2009 54 | 533 | 60 67 65 78 75 74 89 72 | 705 | 64

2010 60 54 50 61 72 76 74 75 88 70 72 | 65.8

2011 55 57 54 | 662 ] 60 76 80 78 83 73 63 72

2012 68 58 49 65 70 71 75 87 82 70 | 664 | 61

2013 | 60.8 | 55 51 55 62 78 | 843 | 75 87 66 73 63

2014 | 655 | 58 60 59 65 88 86 81 | 89.8 | 654 | 715 | 653

2015 | 559 | 63 51 70 63 89 80 89 81 70 72 60

2016 | 67.8 | 634 | 642 | 581 | 746 | 856 | 895 | 87 | 825 | 657 | 54.7 | 66.4

2017 61 69 64 72 88 84 90 87 85 68 75 70

2018 | 682 | 701 | 63 | 697|781 | 88 |[881 896|836 | 795 | 78 | 723

2019 | 498 | 677 | 68 | 766 | 81 | 877|894 |903|876 821|834 | 78

Table 5: Average monthly Wind speed (m/sec)

Year |Jan | Feb | Mar | Apr | May | Jun | Jul Aug | Sep | Oct | Nov | Dec

2005 | 042 | 0.6 0.8 1.0 105 |08 |07 |06 045 |05 [0.44 |048

2006 | 0.6 | 0.6 11 1.05 | 095 |07 |055 056 |05 |055 056 |05

2007 | 0.54 | 0.7 0.9 1.1 1.0 08 |06 |05 045 |06 |05 |05

2008 |06 |0.62 | 1.0 1.18 | 0.9 0.7 |06 |06 06 |05 [0.26 | 045

2009 | 055 | 055 [ 088 [118 |11 06 [048 |05 04 |05 049 |05

2010 |05 | 0.7 0.9 1.2 0.9 08 |07 |04 |04 |04 |044 104

2011 |05 (042 |07 1.0 1.0 09 |05 |05 |05 |045 |05 |05

2012 |06 | 0.7 1.0 1095 |08 078 |05 |05 05 |04 |06 0.3

2013 | 053 | 05 08 [0.9 0.9 06 |06 |045 |08 053 |07 0.7

2014 | 047 |1 0.9 08 095|103 |06 |05 |05 06 |05 |03 0.5

2015 |05 | 0.7 0.9 1.0 09 |06 |06 |04 047 | 045 |0.3 0.5

2016 | 052 | 0.64 | 085 |11 1.0 10 |055 034 |055 |05 035|045

2017 | 0.7 0.5 1.0 |09 0.9 08 |05 |05 05 |05 |04 |03

2018 | 0.62 | 0.6 0.9 1.0 11 092 | 053 |[045 | 048 |06 |04 |0.64

2019 | 058 | 0.75 | 097 | 1.0 105 |09 |06 |04 |051 )05 |053 |05
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Table 6: Average monthly Sunshine Hour (hrs/day)

Year | Jan Feb | Mar | Apr | May |Jun |Jul | Aug | Sep | Oct | Nov | Dec
2005 7.3 7.9 8.2 7.0 84| 55| 34 46| 52| 8.1 8.7 8.1
2006 7.8 8.2 6.5 7.4 82| 51| 3.7 35| 60| 83 7.6 | 817
2007 8.0 8.4 6.9 8.3 80| 60| 41 50| 57| 82 9.2 9.4
2008 7.2 8.1 8.6 8.4 71| 43| 3.8 48| 70| 7.6 7.9 7.4
2009 9.1 7.3 7.5 7.4 59| 49| 3.6 47| 6.1 | 8.3 8.3 8.2
2010 9.5 8.0 6.0 7.1 6.3 47| 35 40| 60| 7.6 8.2 7.8
2011 8.0 6.9 6.8 6.5 83| 42| 3.9 36| 51| 7.3 8.6 7.9
2012 8.1 7.2 8.8 6.8 85| 6.1| 3.6 35| 49| 74 9.4 9.5
2013 7.5 7.7 8.2 7.0 79| 55| 35 34| 51| 84 8.0 9.1
2014 8.4 7.0 7.8 6.2 71| 41| 4.0 32| 54| 7.8 9.0 8.9
2015 7.6 8.1 8.0 7.7 64| 6.2 4.3 49| 50| 8.2 8.2 8.3
2016 7.9 8.8 7.6 6.3 51| 55| 3.2 51| 60| 83 94| 10.0
2017 10.3 7.6 7.7 8.0 6.0 6.3 | 3.3 40| 56| 7.8 8.8 9.7
2018 8.5 6.6 8.0 8.1 80| 40| 3.6 39| 55| 86 7.9 9.3
2019 10.0 | 8.25 8.8 7.7 83| 46| 3.9 35| 42| 81 6.7 8.8
Appendix 2: Average monthly ETo and Effective rainfall
Table 7: Monthly climatic data and ETo for each month
Country; Ethiopia Station; Bedele Altitude 2011m.a.s.l, lat; 8.45°N; Long 36.35°E
Months Min Max Humidity Wind Sunshine Radiation ETo
temp temp (%) speed hours (hr) MJ/mz/day mm/day
(°C) (°C) m/sec
January 11.8 27.3 59 0.6 8.3 20.0 3.54
February 12.9 28.7 59 0.6 7.7 20.2 3.89
March 13.7 28.7 56 0.9 7.7 21.2 4.36
April 14.0 28.0 64 1.0 7.3 20.7 4.31
May 13.6 26.9 70 1.0 7.3 20.2 4.11
June 13.0 23.6 79 0.8 5.1 16.6 3.23
July 12.9 22.3 83 0.6 3.7 14.6 2.80
August 12.8 22.9 82 0.5 4.1 155 2.95
September 12.5 23.8 83 0.5 5.5 17.8 3.28
October 12.5 25.7 70 0.5 8.0 20.8 3.78
November 12.0 25.6 71 0.4 8.4 20.2 3.54
December 11.8 26.7 67 0.5 8.7 20.0 3.52
Average 12.8 25.8 70% 0.7 6.8 19.0 3.62
Figure 1: ETo and Effective rainfall from CROPWAT 8.0. Software
{5 Monthly ETo Penman-Monteith - D:\Educational data\MSc Lecture data (2018)\Research & Pr... |- [ &3] | | &) Monthly rain - C:\ProgramData) CROPWAT\data\rain\biruk rainfall. CRM ==
Coumtiy || Ethiopie Station [Secete Stotion [AioDidess2 EN. rain method [USDA 5.C. Method
Alitude [2011 m. Latitude [ 845 [N | Longitude [ 635 [ |
Month Min Temp |H|x I:llpl Humidity | ‘Wind I Sun ] Rad | ETo ] Rain ‘ Effrain
T | T | % | ws | bews | Wiy | midy m_ [
Januaty 18 73 ] 06 23 20 8 ey 13 i8
February 129 27 59 06 77 202 389 | February 28 2
Match 137 27 5 09 77 22 43 Maich &3 28
April 140 %0 6 10 73 a7 431 Apiil £l i
May 136 %39 ) 10 73 22 an May 1200 970
June 130 26 3 08 51 166 n | gune 244 e
July 129 23 o 06 37 145 | duly 780 1528
August 128 23 82 05 41 155 2% August 235.0 1466
| “September | 125 28 3 05 55 178 328 September us0 1432
October 125 57 0 05 80 208 e | October 633 B16
November 120 %6 n 04 84 ] A L November 211 204
December 18 %7 67 05 87 200 EL December 6 26
Average 128 258 7 07 68 190 8 | ool 12342 U
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Table 8: Probability analysis of mean monthly dependable rainfall

Rank | Jan | Feb | Mar | Apr May | Jun Jul Aug Sep Oct Nov | Dec | Prob(%)
M/(N+1)
1 52.7 | 69.3 | 210 223 401 408 402 408 486 318 | 104 95 4.2%
2 48.3 66 | 122 208 381 407 401 387 386 309 83 46 8.5%
3 412 | 63.5 | 90.6 178 365 399 391 366 380 245 | 75.3 39 12.5%
4 28 61 88 163 | 328.6 385 374 364 364 243 | 743 27 17%
5 19 | 50.1 87 | 147.2 323 371 374 352 341 242 73 24 21%
6 15.6 43 87 142 316 353 363 343 324 230 | 69.6 | 19.5 25%
7 15 | 422 | 839 135 312 352 | 3624 340 317 | 226.2 | 62.1 16 29%
8 14.6 39| 787 131 | 304.1 346 351 | 331.2 314 223 | 585 15 33%
9 144 39 74 123 296 338 350 329 311 | 220.3 48 | 13.7 37.5%
10 131 | 363 | 71.2 119 290 337 339 327 | 309.7 194 | 446 13 42%
11 12 | 335 | 63.7 | 106.7 | 274.3 332 320 | 312.8 301 168 | 404 13 46%
12 10.8 33| 62.6 103 248 | 322.7 311 308 293 156 | 40.3 12 50%
13 7.1 27 | 60.6 98 | 2457 320 | 3104 304 291 | 153.3 | 40.1 11 54%
14 6.4 | 162 | 599 | 9438 243 307 308 | 299.8 291 150 | 32.7 | 9.7 58.5%
15 6.3 | 146 | 498 81 230 306 298 297 289 150 | 319 | 96 62.5
16 6 8.9 49 | 805 222 298 | 297.7 279 286 | 144.7 | 30.2 9 67%
17 48 | 38| 463 75 203 | 296.4 297 273 | 284.6 138 | 293 | 81 71%
18 35 29| 438 69 174 278 | 286.4 270 253 | 1031 | 291 | 7.8 75%
19 1.3 26| 28.9 65 120 | 224.4 278 235 246 | 69.3 | 211 | 26 80%
20 0.3 22| 139 57 117 | 220.2 258 | 232.3 237 58 | 132 | 24 84%
21 0.2 1.8 13 49 | 1154 | 218.8 | 250.7 230 232 50| 81| 14 87.5%
22 0| 09 6.4 | 438 | 110.2 205 221 202 228 34| 43| 09 92%
23 0| 06 3.8 38| 36.9| 2018 212 197 197 33| 28 0 96%

The procedures to calculate 80% dependable rainfall and effective rainfall above are
summarized as follows (Doorenbos and Pruitt.,1977).

1. The probability of excedence (P) of 80% was used to calculate the return period (Tr)

P=1/Tr; Tr=1/p = 1/0.8=1.25

2. The rank of rainfall with 80% probability of excedence was calculated and the
corresponding monthly values were taken as dependable rainfall.

Tr = (N+1)/M; N= no of events (23 years) M= (N+1)/Tr , M=rank m=(n+1)/Tr
m= (23+1)/1.25=19.2 take 19 as shown above.
OR, Simply calculated Prob (80%) = M/(N+1) = 19/(23+1) = 0.7916 = 0.8.

Therefore the 19" order is taken as 80% dependable rainfall to calculate the monthly
effective rainfall using CROPWAT 8.0 Model
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Table 9: Effective Rainfall for each Month of the Study Area

Station; Bedele

Method: USDA S.C.S Method

Month 80% Dependable Effective rainfall Effective rainfall
rainfall (mm) (mm per month) (mm per day)
January 1.3 1.3 0.042
February 2.6 2.6 0.093
March 28.9 27.6 0.89
April 65 58.2 1.94
May 120 97.0 3.13
June 224.4 143.8 4.8
July 278 152.8 4.93
August 235 146.6 4,73
September 246 149.2 4.97
October 69.3 61.6 1.98
November 21.1 20.4 0.68
December 2.6 2.6 0.084
Total 1294.2 863.7 28.27
Figure 2: Mean monthly rainfall of study area
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Appendix 3: Soil physical characteristics
Table 10: Soil Particle size distribution and texture classes
Soil textural distribution and bulk density
Soil sample depth (0-30cm) Soil sample depth (30-60cm)
Field Sand | Silt | clay | Texture | Bulk | Sand | Silt | clay | Texture | Bulk
number class | density class | density
glem® glem?
1 19 30 | 51 Clay 132 22 23 | 55 Clay 1.3
2 27 18 | 55 Clay 1.22 | 19 22 | 59 Clay 1.18
3 39 17 | 44 Clay 1.42 | 38 11 | 51 Clay 1.4
4 22 30 | 48 Clay 1.3 18 28 | 54 Clay 1.26
5 15 26 | 59 Clay 1.19| 10 30 | 60 Clay 1.11
Average 244 | 242|514 | Clay 1.29 21.4 | 228 | 55.8 | Clay 1.25
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Table 11: Stored depth before and after irrigation in root zone after hour irrigation

Fields Before irrigation (mm) After irrigation depth Stored depth (mm)
Depth of soil layer(cm) Depth of soil layer(cm Depth of soil layer(cm
0-30 |30-60 |Total |0-30 |30-60 | Total |0-30 |30-60 | Total
Field1 |2.9 3.15 6.05 4.21 3.85 8.06 1.31 0.7 2.01
Field2 |3.8 4.1 7.9 523 |4.87 10.1 1.43 0.77 2.2
Average | 3.35 |[3.625 |6.975 |4.72 |4.36 9.08 1.37 0.735 |2.105

Appendix 4: Discharge and pressure measurement data

Table 12A: Sprinklers discharge and wetted radius for four overlapping sprinklers

Sprinkler no Fieldno 1 Field no 2
(3.5hydrant pressure) (4.0 hydrant pressure)
Sprinkler Wetted radius Sprinkler Wetted radius
discharge (m) discharge (m)
It/sec It/sec
1 0.27 11.8 0.34 13.7
2 0.30 13.0 0.30 13.1
3 0.285 12.5 0.305 13.3
4 0.265 11.5 0.30 13.5
Average 0.28 12.2 0.31 134

Table 12B: Measured nozzle pressure and sprinkler discharge along laterals

Field no 1 Field no 2
Sprinkler no Nozzle Sprinkler Sprinkler no Nozzle pressure | Sprinkler
pressure in bar | discharge in bar discharge along
along lateral lateral lit/sec
lit/sec
1 35 0.3 1 4.0 0.34
2 34 0.28 2 3.8 0.33
3 3.2 0.265 3 3.7 0.32
4 3.35 0.27 4 3.8 0.31
5 3.0 0.26 5 3.9 0.33
6 3.3 0.27 6 3.65 0.31
7 2.95 0.26 7 3.85 0.33
8 3.3 0.28 8 3.6 0.3
9 3.1 0.265 9 3.5 0.31
10 3.2 0.27 10 3.7 0.31
Average 3.23 0.272 Average 3.75 0.319
Max 3.5 0.3 Max 4 0.34
Min 2.95 0.26 Min 3.5 0.3
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Appendix 5: Measured Catch can data
Table 13: Individual Catch Cans depth for four overlapping sprinklers (block test)

Catch can No Catch can depth (ml)
Field no 1 (3.5bar) Field no 2 (4bar)
Morning | Mid-day | Afternoon Morning Mid-day Afternoon
1 43 40.5 36 61 50.5 51.5
2 40.5 26 43 48.5 56 80
3 77.5 29.5 27 61.5 36 43
4 90 83 84.5 93.5 74 56
5 435 345 325 72 47.5 74
6 84 53 61.5 325 54 56
7 18 39.5 325 88 52 74
8 43 30.5 38 58.5 45 39.5
9 27 35 34 48.5 65 59.5
10 47 49.5 62 66.5 56 33
11 325 27 29 52.5 48.5 61
12 76.5 30.5 93.5 63 48.5 34
13 92 41.5 37 50.5 98 49.5
14 74 45 59.5 29 39.5 35
15 30 75.5 48 56 54 54
16 40.5 38 19 40.5 43 52
17 34 45 54 83 58.5 90
18 28.5 43 41 75.5 41.5 54
19 43 23.5 58.5 48.5 34 27
20 45 34.5 41.5 52 51.5 63
21 81 62 43 92 72 45
22 45 20 395 395 56 56
23 66.5 57 47.5 36 60 61
24 41.5 56.5 36 81 53 95.5
25 36 37 50.5 38 33 425
26 40 33 23.5 43 47 38
27 44 70 66.5 47 59 50.5
28 58.5 47 48 68.5 48.5 48.5
29 41.5 325 46.5 51.5 50.5 74
30 44 45 26 52 76.5 57.5
31 41.5 54 47 43.5 61 62
32 35 37 25 48.5 56 44
33 58.5 38.5 75 74 76 52
34 70.5 52 57.5 45 50.5 59.5
35 44 34 41.5 77 40 325
36 43.5 55 40.5 56 52 72
Sum | 1800.5 1555 1645.5 20735 1944 1976.5
Mean (d) | 50.0 43.2 45.7 57.6 54 54.9
Sum |di-d| 557.5 403.2 457.3 502.1 336 435.3
Dlq 31.2 28.0 27.6 38.55 39.9 36
CuU 69% 74% 72% 76% 83% 78%
DU | 62% 65% 60% 67% 74% 66%
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Tablel4A: Catch cans depth for single sprinkler test (Field no 1)

Catch can depth (ml)

Field no 1 (3.5bar)

Catch can No Morning Mid-day | Afternoon Catch can | Morning | Mid-day Afternoon
No

1 26 29 19 39 24.5 5 11

2 11 8.5 16.5 40 12.5 26 6.5

3 7.5 13 17 41 9 15 9

4 22 13 18 42 11 5 23

5 30 20 14 43 19.5 26 14

6 10.5 12 26.5 44 8 6.5 23

7 11 21 5 45 25 26 9.5

8 9 6 26 46 14 20 12

9 115 205 15 47 8.5 14 20

10 29 15 26 48 12.5 19.5 6.5

11 9.5 8 22 49 7 13 25

12 13 14.5 13.5 50 18 16 8.5

13 13 16 9 51 9 20 21

14 20 7 115 52 15 13 7

15 12 18.5 29 53 11.5 9 24.5

16 6 14 19.5 54 24 18 15

17 18 7.5 13 55 20 19 9

18 23 11 17 56 31 14.5 14.5

19 9.5 6 20 57 8 6 19.5

20 12 15 12 58 12 22 8

21 13 23 10 59 25 31 25

22 10 12.5 18 60 11 10.5 14

23 25 8 26 61 7.5 11 8.5

24 12 11 11 62 9 55 11

25 16 19.5 7.5 63 23 15 7

26 7 7 22 64 14 11.5 18

27 22 25 31 Sum 992 947 1024

28 16.5 14 10.5 Mean (d) 15.5 14.8 16

29 15 8.5 11 Sum |di-d| 384 330 378

30 18 12.5 9 Dlq 7.95 6.81 8.0

31 14 55 15 Cu 61% 65% 63%

32 30 16 115 DU 51% 46% 50%

33 5 19 24

34 26 16.5 20

35 8 17 32

36 26 18 8

37 22 14 13

38 135 26.5 25
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Table 14B: Catch cans depth for single sprinkler test (Field no 2)

Field no 2 (4bar)

Catch can depth (ml)

Catch can No Morning Mid-day | Afternoon Catch can | Morning | Mid-day | Afternoon
No

1 16 23 12.5 39 8 18 9.5

2 9.5 6 11 40 11 6 9

3 18.5 15 10 41 20 13 18.5

4 14 22 34.5 42 7 10 12

5 7.5 12.5 14 43 27 27 20

6 11 19 16.5 44 13.5 6 9

7 10 8 11 45 10 25 11

8 15 14 13.5 46 12 5.5 12.5

9 23 14.5 12.5 47 9.5 9.5 11.5

10 12.5 18 7.5 48 11 15.5 10

11 19 8.5 10.5 49 6.5 21 28

12 13 8 24 50 26 18 19

13 6 15 13 51 11 15 12

14 22 16.5 16.5 52 8 5 11.5

15 33 17 15 53 28.5 23 21

16 10.5 16 6.5 54 7.5 9 8.5

17 11 16 19.5 55 21 19 28

18 7 15 14 56 20 18 36

19 15 8.5 21 57 11 14 9.5

20 11.5 12 14.5 58 19.5 10 10

21 30 14 15 59 13 21 18.5

22 8.5 7.5 8 60 12 18 11

23 13 12 17 61 10.5 15.5 8

24 13 20 13 62 11.5 27 26

25 20 13.5 18.5 63 9 29 23

26 12 14 6 64 18 16 12

27 21 22.5 14.5 Sum 934.5 986 976

28 6 17 10 Mean (d) 14.6 15.4 15.25

29 20.5 8 17 Sum |di-d] | 326 298 334.5

30 15 15 9.5 Dlq 8.0 7.65 8.7

31 8 7 10.5 CuU 65% 70% 66%

32 14.5 16 8.5 DU 55% 50% 57%

33 19 18.5 16

34 16.5 20 28

35 12 13 16

36 18 24 20

37 14 26 26

38 26.5 19.5 20
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Table 15: Overlapped Catch cans depth data for different spacing’s.

Catch can depth (ml)
Field no 1 (3.5bar) Field no 1 (4bar)
spacing’s (mxm) spacing’s (mxm)

12X18 | 12X12 18X12 9X12 12X18 12X12 18X12 9X12
1 18 31 21 34 26.5 28 19 36.5
2 25 26.5 34 46 22 32.5 25 42.5
3 19 44 25 36 39 42 23.5 34
4 18 30.5 42 46 36.5 30 26 32
5 23.5 29.5 34 48 27 29.5 32 34.5
6 18.5 42 36.5 34.5 31 39 20 43
7 36 26 21 30 24 26 32 31.5
8 21 36.5 37 31 33 24 40.5 36.5
9 33 45 20 48 41 39 23 48
10 28.5 32 20 33.5 26 28 28 43
11 22 32 34.5 37 37 27 37 32.5
12 30.5 42 38 38 40 32.5 21.5 39
13 18.5 40 23 38 39 36
14 37 29 39 26 27 34.5
15 17 32 24.5 35 32 28
16 41 30 21.5 26 28.5 32
17 20.5 32 36 24
18 24 24 20 29.5
19 25 36 24 21
20 28 21 27 19
21 23 25 23 40.5
22 30 24 32 21
23 22.5 38 25 25
24 18 37 26 22
Sum 597.5 | 548 708 462 720 504 660 453
Mean (d) 24.9 34.25 29.5 38.5 30 31.5 275 37.75
Sum|di-d] | 130.1 | 87.8 168 68 136 71 135 53.5
Dlq 18.0 27.75 20.75 315 23 26 20.25 32
CuU 78% 84% 75% 85% 81% 86% 80% 88%
DU 2% 81% 70% 82% 77% 83% 74% 85%
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Appendix 6: Field photos during data collection
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