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INTRODUCTION

In the areas o f inadequate rainfall, irrigation plays a prominent role in 

promoting higher yields and thus leading to better productive use of 

agricultural land. Average yields under comparable climatic conditions are 

generally higher in irrigated conditions than under rainfed conditions. Modern 

technology inputs for agriculture are productive but costly and therefore create 

a need for good soil moisture regime to support optimum crop growth and 

reduced risk o f  failure. Farmers are becoming more aware o f  irrigation as a 

tool for optimising production. When all other management practices are 

carried out efficiently, irrigation can help the fanners to achieve the top yields 

and quality demanded in today’s market.

In the age-old practice o f irrigation an over all efficiency o f  only 30

35% can be achieved; it also causes water logging, salinity etc. The low 

efficiency may be accounted for, in part by conveyance losses due to seepage, 

evaporation and non-beneficial use by pretophytes. The losses are partly the 

result o f non-uniform distribution o f water due to inadequate land preparation 

and lack o f  proper technique in the application o f  water, with consequent 

excess applications and deep percolation.

1.1. Modern methods o f irrigation

Irrigation as a modem science is the science o f survival. So as to 

efficiently apply water, advanced methods o f irrigation like sprinkler and drip 

are adopted. Micro-irrigation has proven to be a very efficient irrigation 

method, in the recent years. By reducing losses and introducing irrigation 

systems with uniform low application rates, more cultivable land can be 

brought under irrigation using the saved water.

Sprinkler irrigation is a pressurized irrigation system which tends to 

simulate the rainfall, in such a way that the runoff and deep percolation losses 

are minimised and the uniformity o f  application is close to that which could be



obtained under rainfall conditions. This system is very well suited to closely 

spaced crops, sandy soils where the vertical water distribution is more than the 

lateral distribution resulting in high percolation and seepage losses and 

undulating terrains where it is costly to level the land for surface irrigation.

Micro-irrigation is a broad term that includes pressurized micro- 

sprmkler/ micro-sprayer/ micro-jet and drip/ trickle systems. Solid set high 

frequency micro-irrigation provides a way to deliver water to fruit trees that 

has distinctly different characteristics compared to more traditional methods of 

irrigation. These characteristics have been used to solve specific problems 

such as high salinity o f  irrigation water, difficulty in application o f fertilizer or 

pesticide and adjustment o f water shortage.

1.2. M icro-sprinkler irrigation

Micro-sprinkler is a low volume sprinkler. M icro-sprinkler irrigation 

system combines the advantages o f the conventional sprinkler system and the 

modem drip irrigation system. It requires lesser energy than sprinklers and is 

less susceptible to clogging than drip emitters. It has lower cost o f  installation 

than drip system as number o f laterals and emitter points are reduced. The cost 

o f micro-sprinkler emitters is very less compared to high-pressure sprinklers. 

It has much larger area o f coverage than drip emitters. In micro-sprinkler 

irrigation, the plant root system develops evenly due to the larger volume of 

wetting o f  the soil than in drip system; resulting in a denser spreading o f  roots 

throughout the wetted soil volume. This ensures better supply o f  water and 

nutrients to the plant and better anchorage. Micro-sprinkler system has a wide 

range o f applications in fertigation, herbicide application, frost protection, 

green house and poultry house cooling, etc. The system can be run 

continuously or intermittently to get the desired rate o f  application.

Overall system pressure and volume o f flow o f micro-sprinkler 

irrigation system will be higher than that o f drip irrigation system. It is now 

possible to incorporate small flow regulators into micro-sprinklers that convert



each sprayer into a pressure compensated outlet. This can reduce the 

application rate and system cost and can deliver better uniformity o f  irrigation.

1.3. Uniformity o f irrigation

Ideally, an irrigation system should apply water in a completely 

uniform manner so that each part o f the irrigated area receives the same 

amount o f water. Unfortunately, there seems to be no present way to achieve 

this. Even natural rainfall is not completely uniform. So the phrase "irrigation 

uniformity" actually refers to the variation, or non-uniformity, in the amounts 

of water applied to locations within the irrigated area. Significant effort in 

irrigation system design and management is directed towards dealing with 

problems related to irrigation uniformity, or the lack o f it.

A micro-sprinkler with water distribution uniformity below acceptable 

levels will produce over-irrigated and under irrigated areas within its wetted 

area. This will lead to deep percolation and runoff losses from the over

irrigated areas and may cause water stress for the plants in the under irrigated 

areas. Studies showed that the optimum irrigation amount, crop yield and 

engineering costs related to a micro-irrigation system are dependent on the 

irrigation uniformity. In order to make economically sound micro-sprinkler 

irrigation design decisions, it is important to be able to measure and predict the 

uniformity o f application.

Irrigation uniformity is also inherently linked to the efficiency with 

which agricultural resources are used. Since non-uniformity results in the 

application o f  excess water, several water-related resources are also lost. 

These include: energy for pumping the excess water; fertilizers; either applied 

with the irrigation water or leached by the excess water; other chemicals 

which may be applied with or washed away by the water; and capital losses 

due to the extra capacity designed into the irrigation and drainage systems to 

carry the excess water. As non-uniformity causes crop yield to fall below



potential levels, agricultural inputs applied in anticipation o f  full yield are also 

wasted.

1.4. Evaluation o f devices

High uniformity is important for proper irrigation, especially on sandy 

soils where the lateral re-distribution o f  water is limited. Excess application of 

water on these soils often results in deep percolation o f water and leaching of 

nutrients out o f  plant’s root zone. High uniformity in application is necessary 

for fertigation and chemigation.

Usually manufacturers o f micro-sprinklers are providing very little 

information about their sprinkling devices. This makes the selection o f m icro

sprinklers and their operating conditions difficult, during the design o f an 

irrigation system. M ost o f  the micro-sprinklers now available in the market are 

seldom tested by someone other than the manufacturers. Usually the 

manufacturers give only the discharge and radius o f throw o f the emitters at 

different pressures.

The examination o f micro-sprinkler water distribution pattern is 

required for development o f new prototypes, manufacturer’s quality control 

and sprinkler evaluation by consumer organizations. The last two applications, 

in particular require routine testing o f  a large number o f  sprayer - pressure 

combinations. Uniformity is an indicator o f the equality (or inequality) o f the 

application rates within the pattern diameter o f  an emitter.

The devices should be tested before field installation to verify the 

quality o f the emitters. Moreover, such tests will help the manufacturers to 

improve the design (and thus performance) o f  their products and the end users 

will get a general guideline for the selection o f  such products. The information 

on the effects o f  operating pressure on uniformity and flow rate is vital for 

designers and operators o f  micro-irrigation system to enable a perfect match of 

emitter performance to the soil and crop irrigated.



Objectives

The objectives o f the present study may be listed as follows,

1. To analyse the pressure-flow rate relationship o f different micro- 

irrigation devices.

2. To determine the different performance parameters o f  the emitters with 

respect to the uniformity o f application.

3. To analyse the distribution pattern o f various emitters operated at 

different operating pressures.

4. To analyse the various performance parameters to determine the 

relative performance o f the emitters and to analyse the credibility of 

manufacturers claim.
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REVIEW OF LITERATURE

Farmers have always sought ways to supply the crops with water 

necessary for their development, when rainfall was inadequate. Rapid increase 

in the world population has made the efficient use o f irrigation water vitally 

important, particularly in poorer countries, where the greatest potential for 

increasing food production and natural income is often through irrigation. 

Therefore it is necessary to adopt effective irrigation methods that are 

economically viable, technically feasible and socially acceptable. M icro

irrigation falls under this category, especially for widely spaced high value 

crops like coconut, grape, orange, citrus etc. and commercial crops like 

sugarcane, cotton, ornamental plants etc.

2.1. M icro- irrigation

M icro-irrigation is the frequent application o f small quantities o f water 

directly on or below the soil surface. Usually water is applied as discrete 

drops, continuous drops, tiny streams or miniature spray through devices 

placed along a water delivery line (BIS, 1987 a).

M icro-irrigation may be described as a method o f applying low 

volumes o f w ater directly to the root zone o f the crop and limiting it to the root 

spread volume o f the soil layer. Micro-irrigation systems are typically 

designed to wet only the root zone and maintain this zone at or near an 

optimum moisture level (James, 1988).

2.1.1. Classification

M icro-irrigation systems include low pressure, low volume irrigation 

systems and can be subdivided in to four main methods according to pressure 

and volume (Barret, 1979). Drip irrigation applies water directly to the soil 

surface or subsurface and allows the water to dissipate under low pressure in a 

pre-determined pattern. The other three methods viz., Mist, Sprayer and Mini



sprayer methods that convey water through the air can be termed as micro

sprinkler systems. The wetted area o f these emitters is small, can be controlled 

fairly easily and has different shapes to match the desired distribution patterns.

M icro-irrigation spray and spinner emitters were characterised by 

Post el a!. (1985) as devices having operating pressure less than 2 kg/cm2, 

discharge rates in the range o f 20 to 100 lph and throw diameters ranging from

1.5 to 10 m. Losses due to surface evaporation and deep percolation are 

avoided in this method. The system is limited to water scarce areas and is 

largely confined to fruit crops, plantation crops, widely spaced vegetables etc. 

(Walker and Skogerboe, 1987)

2 .2 . Evolution a n d  d e v e lo p m e n t  o f  micro-irrigation

The concept o f micro-irrigation though simple, was not practiced 

widely until very recently due to lack o f economic materials. The first 

experiments leading to the development o f m icro-irrigation were introduced 

by German researchers in 1860. They pumped irrigation water in to short clay 

pipes with open joints used for under ground drainage, to maintain a water 

table near the plant root zone. In the 1920’s porous pipe and canvas was used 

for subsurface irrigation at Michigan State University, and subsequent 

experiments were centred on development o f perforated pipes made o f  various 

materials and on control o f flow through the perforations (Bucks and Davis, 

1986).

2.2.1. Trickle irrigation

The discovery o f high-density polyethylene (HDPE) in 1948 made the 

break through for micro-irrigation. A significant step in the evolution of trickle 

irrigation took place in Israel in the late 1950’s when long path emitters were 

greatly improved. By the early 1960’s plastic pipe m icro-irrigation systems 

were being used extensively in greenhouses in most commercial enterprises. 

Drip irrigation was first tried on a commercial scale for vegetables in Israel, in



1960’s in the Arava Valley. In 1969, the first research and demonstration 

study o f  micro-irrigation was initiated on an avocado orchard in California 

(Gustafson et ah, 1974). Around that same time, field trials were conducted 

using surface micro-irrigation on strawberries and tomatoes, also in California 

(Hall, 1985).

It soon became apparent that drip irrigation almost doubled the yields. 

The large scale and commercial use o f  micro-irrigation began in the late 

1960’s and early 1970’s. Numerous inventors and companies began 

developing drip irrigation emitters, and by mid 1970’s well over 250 emitter 

devices were being marketed.

The interest o f  micro-irrigation was most keen in Israel, USA and the 

Middle East since these areas have traditionally suffered shortage o f  irrigation 

water.

2.2.2. Micro-sprinkler

M icro-sprinklers are small volume sprinklers that operate at low 

pressures. The concept o f micro-sprinklers was materialized in the beginning 

o f 1980’s as an improvement over the drip irrigation system, by replacing the 

trickle emitters by low volume, low pressure sprinklers in the drip irrigation 

network. They have been introduced to the world o f irrigation by fusion o f the 

peculiarities o f drip irrigation and sprinkler irrigation methods.

Although sprinkler irrigation and drip irrigation methods are adaptable 

means o f  applying water to any crop, soil and topographic conditions, each of 

these methods has its own demerits also. The micro-sprinkler system 

combines the merits o f  both the systems and avoids most o f  the demerits.

Micro-sprinkler irrigation is a versatile means o f  applying water. The 

design principles are similar for micro-sprinkler and the trickle systems 

(Cuenca, 1989).

Demand for the micro-sprinklers increased greatly when it was found 

they could provide frost and freeze protection. New citrus planting during and



after the severe freezes o f the 1980’s made Florida one o f  the fastest growing 

markets for micro-sprinkler irrigation between 1985 and 1990. (Smajstrala, 

1995)

2.3. Growth of m icro-irrigation

A survey conducted by the International Commission on Irrigation and 

Drainage (ICID) indicated that about 1,770 kHa were under micro-irrigation 

through out the world (Bucks, 1995). The largest use o f micro-irrigation was 

in the United States, where the area has expanded from approximately 4 kHa, 

in 1972 to over 1 million Ha, in 1994,

There has also been extremely rapid growth in Spain, where the micro 

irrigated area has increased from 10 kHa, in 1975 to 160 kHa, in 1994.

The main reasons for converting to micro-irrigation were indicated as 

follows: (1) water and labour were expensive (2) the water supply was limited 

(3) the water supply was saline (4) the use o f conventional irrigation methods 

was difficult especially in hillside orchards. (5) landscape and greenhouse 

irrigation required water conservation and (6) improved yield or quality 

demand, which could only be satisfied with use o f  m icro-irrigation methods 

(Anonymous, 1995). Application o f  m icro-irrigation for landscaping, 

greenhouses and nurseries has also increased tremendously and includes 

ornamental trees and shrubs, ground covers on highway road sides and 

residential properties, citrus nurseries, forestry trees and others.

2.3.1. Status and scope in India

The farmers o f  the country are convinced o f  the usefulness o f  the 

system, and the system has emerged as a suitable water-saving and production 

augmenting technique, especially for widely spaced high value crops in water 

scarce, undulating sandy or hilly areas. Although research and demonstrations 

o f the system have been in progress from 1970, large-scale adoption has taken 

place only for last 10 or 15 years (Sivanappan, 1998).



The development o f micro-irrigation in many states is very spectacular 

due to the encouragement provided by the government and promotional efforts 

by the manufacturers.

The farmers are forced to take up the system since water has become 

scarce commodity in the states o f  Andhra Pradesh, Karnataka, Kerala, Madhya 

Pradesh, Gujarat and Rajasthan. For example, in Kerala, the coconut and other 

plantation crops need water during the dry period o f January to May and the 

farmers are installing micro irrigation systems to manage the shortage of 

water. They are now convinced that the systems help to get more yields with 

less input, apart from saving o f  water.

2.3.1.1. Adoptability constraints

The difficulties experienced in bringing large areas under this method 

are high initial cost, clogging o f the devices, lack o f  adequate technical 

knowledge and inputs, high cost o f  spares and components and insufficient 

extension efforts.

Puranic and Gaonkar (1992) investigated the constraints and problems 

o f m icro-irrigation systems for both adopter and non-adopter farmers. Major 

constraints to adoption included heavy initial investments, lack o f knowledge 

support, cost and time involved in the maintenance o f  the system etc. The 

author suggests that extension agencies, concerned departments and 

manufacturers must all concentrate on alleviating these problems.

2.4. Advantages and disadvantages o f micro-irrigation

Micro-irrigation has advantages and disadvantages, the system must be 

tailored to specific field and water conditions before success will be achieved. 

Careful attention to irrigation system design and management can make the 

most o f these advantages and often can compensate for the disadvantages as 

well.



2.4.1. A dvantages

Obvious advantages o f micro-irrigation include a small wetted surface 

area, minimal evaporation and weed growth, and potentially improved water 

application uniformity within the crop root zone by better control over the 

locations and volume o f application (Hoffman and Martin, 1993).

The benefits o f using micro-irrigation can be listed as,

1. Low application rates - frequent light irrigation or controlled 

supplementary irrigation - minimal runoff and seepage losses.

2. Higher uniformity o f water application - increased efficiency.

3. Exact water placement through the network -  reduced weed growth.

4. Controlled root zone environment -  reduced overall water 

requirements.

5. Successful performance in difficult terrains/ rolling topography.

6. Suitability to problem soils and improved tolerance to salinity.

7. W ater and energy conservation.

8. Improved chemical application -  fertilizers, pesticides etc. can be 

applied along with the irrigation water itself.

9. Maintenance o f optimum soil moistures levels -  increased yield and 

improved quality o f products.

10. Diversified uses (Irrigation, greenhouse/ poultry house cooling, frost 

protection etc.)

11. Ease o f automation - less labour requirement and improved precision 

o f irrigation scheduling.

2.4.2. Disadvantages

Micro-irrigation has several disadvantages, which can often be 

overcome by proper system design and management. Individuals considering 

micro-irrigation should weigh the economic cost against the economic 

benefits.



Micro-irrigation systems require more maintenance than traditional 

irrigation systems. The small water flow passageways characteristic o f micro

irrigation systems can easily plug. Proper preventive measures can minimise 

or eliminate this disadvantage. The quality o f the irrigation water may affect 

the micro-irrigation system. The type o f water quality problem is somewhat 

dependent on whether the irrigation water comes from a surface source or a 

well. In both cases, adequate filtration and chemical treatment is required to 

prevent emitter plugging. If the source o f water is a well, chemical 

precipitation is the most common problem. If the irrigation water is from a 

surface source, biological plugging is the most common. Nakayama and Bucks 

(1986) gives an account o f the disadvantages o f micro-irrigation compared to 

conventional systems.

However, micro-sprinkler systems have less clogging problem 

compared to drip irrigation systems due to the higher pressure o f operation, 

bigger orifice sizes and mechanical movement.

2.5. M icro-sprinkler irrigation system

Micro sprinkler is a small sprinkler that works under low operating 

pressure, sprinkling low volume o f water at a low rate that is allowed to fall 

back either on the canopy or soil surface, covering part o f the area allotted to 

each plant. Here the distribution o f  water occurs through the medium of air 

compared to drip and bubbler irrigation where the distribution occurs due to 

the water movement through the soil.

Spray or spinner micro sprinklers are often preferred over drip systems 

since they provide a larger diameter wetting pattern. This characteristic is 

especially desirable in areas with coarse textured soils where lateral movement 

o f water in soil is limited (Boman, 1989). The greater coverage diameter 

allows a larger percentage o f the root zone to be wetted by the irrigation and 

can result in greater soil moisture reserve and better root development. The



larger wetting patterns o f spinner and spray emitters also provide advantages 

when the irrigation system is used to apply herbicides and fungicides or 

fertilizer.

M icro-sprayer emitters have low precipitation rates, which typically 

are, less than 4 mm/hr. Thus by applying the right amount o f "water at the 

correct irrigation rate, there will be no seepage beyond the root zone, nor the 

problem of decreased aeration in the root zone, caused by water logging 

(Chaya and Hills, 1991).

In situations where root system develops according to the natural 

rainfall, only the micro-sprinkler irrigation system, with its modular design 

and wide range o f operation, is capable o f supplying the required quantity of 

water and nutrients accurately and efficiently to the already developed root 

system. Considerable saving in water will result in going for micro-sprinkler 

irrigation system. They wet only 40 to 80% of the soil surface in a mature 

orchard. The area wetted by the micro-sprinkler can be adjusted according to 

the development o f the root system.

2.5.1. Adaptability

Besides the adaptability over a wide range o f soil, crop and 

topographic conditions, some other objectives that can be attained using 

micro-sprinklers are,

1) Effective use o f small, continuous streams o f water such as from springs 

and small tube or dug wells.

2) Proper irrigation o f problem soils with inter-mixed textures and profiles or 

the irrigation o f shallow soils that can not be graded without detrimental 

results.

3) Irrigation o f steep rolling topography without producing runoff or erosion,

4) Effective, light and frequent watering may be possible whenever needed.

5) The micro-sprinklers are highly adapted to water sensitive crops where 

wetting o f upper portion o f the plant is undesirable.



Davies ei at. (1988) details the special adaptability o f  micro-sprinkler 

systems to difficult situations.

2.5.2. Comparison

The concept o f micro-sprinkler was made by fusing the advantages of 

conventional sprinkler and modern drip irrigation system. The micro

sprinklers are generally used for under-tree sprinkling in orchards and for 

widely spaced crops. The wind drift losses are very less compared to 

conventional sprinkler system due to shielding by the canopy and lesser wind 

velocities near the ground.

In conventional sprinklers, large droplets having higher kinetic energy 

disrupt the soil surface causing reduced infiltration rate due to crusting 

(Dadiao and Wallender, 1985). This does not occur while using micro

sprinklers, thus preventing losses by runoff, and they apply the right quantity 

o f water only, so that no anaerobic condition is developed within the root 

zone.

Compared to other methods o f  irrigation (conventional surface 

irrigation methods) the micro-sprinkler system has proved to be efficient, 

water, energy and labour saving, trouble free and economical. Saving due to 

micro-sprinkler is reported to be the extent o f 30 to 60% over traditional 

methods o f irrigation (Mane et at., 1987 and Bankar, 1992), This is due to the 

partial wetting o f the soil volume, reduced runoff and controlled deep 

percolation losses. The water use efficiency reported under micro-sprinkler 

system was well above o f that under other systems evaluated (Shinde, 1995).

The micro-sprinklers are generally operated at a pressure range of 

about 1-2 kg/cm2 (100 to 200 kPa), which is very low as against the high 

pressure operation o f conventional sprinkler systems and comparatively high 

as compared to the operation o f drip irrigation systems. Obviously, 

considerable saving in pumping energy can be attained with micro-sprinklers 

over conventional systems. The combined effect o f larger nozzles (as



compared to the tiny openings and small water flow passageways o f  drip 

system) and higher-pressure operation minimises the chance o f clogging. Thus 

use o f expensive and sophisticated filtration equipments may be avoided 

except for highly sedimented irrigation water. Singh and Singh (1990) states 

that micro-sprinklers require lesser energy than conventional sprinklers and 

are less susceptible to clogging compared to drip emitters.

The canopy to active root ratio is much better under micro-sprinkler 

than drip irrigation system. Roots o f the drip-irrigated trees are concentrated in 

a shallow, small volume o f soil under the dripper, where as a large number of 

roots penetrated to depth o f 70-80 cm in areas irrigated by micro-sprinklers.

Since visual inspection o f the micro-sprinkler system is simple and 

fast, less time is required than for the inspection o f several emitters per tree in 

a drip irrigation system. Micro-sprinklers are also superior to other systems on 

marginal land and for the use o f marginal or saline irrigation water.

The only obvious disadvantage associated with micro-sprinkler 

irrigation system, as compared to the drip system, is the enhanced weed 

growth caused by the larger area o f wetting, which can be solved by the use of 

herbicides along with irrigation water.

2.6. Irrigation efficiency

Irrigation efficiency indicates how efficiently the available water 

supply is being used, based on different methods o f  evaluation. The design of 

the irrigation system, the degree o f land preparation, and the skill and care of 

the irrigator are the principal factors influencing irrigation efficiency (Michael, 

1978). Loss o f  irrigation water occurs in the conveyance and distribution 

system, over the field by non-uniform distribution o f  water, below crop 

rootzone by percolation; and with sprinkler irrigation, by evaporation from the 

spray and retention o f  water on the foliage. In case o f large fields loss may 

occur by runoff at the end o f  irrigation borders and furrows. The losses can be 

held to a minimum by adequate planning o f the irrigation system, proper



design o f the irrigation method, satisfactory land preparation and efficient 

operation o f the system.

In micro-irrigation system no conveyance losses occur since the 

irrigation water is conveyed through pipes. Losses due to runoff, percolation 

and evaporation are less, due to low application rate and precision application. 

In the case o f micro-sprinkler system the wind-drift losses and evaporation 

from foliage is very less due to under the canopy operation. So the irrigation 

efficiency can be expressed as the application efficiency (ratio o f the amount 

o f water applied to the root zone to the amount discharged by the system). 

Thus for a micro-sprinkler irrigation system, the irrigation efficiency will 

depend up on the degree o f uniformity with which the emitter delivers water to 

the irrigated/ wetted area.

2.6.1. Irrigation uniformity

An important component o f the evaluation o f the irrigation 

performance is the measurement o f irrigation uniformity. Specific quantitative 

study o f sprinkler irrigation uniformity began with the pioneering work of 

Christiansen in 1942.

Studies show that the optimum irrigation amounts, crop yield and 

engineering costs related to a m icro-irrigation system are dependent on the 

irrigation uniformity. The level o f irrigation uniformity can be used as an 

indicator to describe the performance o f the irrigation system. Chen and Zhen 

(1995) determined the importance o f irrigation uniformity in the design of 

micro-irrigation system by analysis the relationship between crop yield and 

water consumption and between irrigation uniformity and engineering costs.

2.6.1.1. Agronomic importance

As Burt (1998) points out, if  a volume o f water applied to a field is 

known only as the average applied over the whole field, then one half o f the 

field has received less than the average applied and the other half, more than



the average applied. Insufficient water leads to high soil moisture tension, 

plant stress and reduced crop yields. Excess water may also reduce crop yields 

below potential levels through mechanisms such as leaching o f plant nutrients, 

increased disease incidence or failure to stimulate growth o f commercially 

valuable parts o f the plant. Thus a major aim o f irrigation management should 

be to apply water with a high degree o f uniformity while keeping wastage to a 

minimum.

The ability o f a micro-sprinkler system to apply water uniformly 

throughout the irrigated area is a major factor determining whether or not 

proper crop growth can be maintained.

2.6.1.2. Engineering importance

Significant effort in irrigation system design and management is 

directed towards dealing with problems related to irrigation uniformity, or lack 

o f if. A non-uniform irrigation unavoidably results in some degree o f  under 

and over watering. Hence, if the average volume applied is the target 

application required to meet the crop requirements, one half o f the field has 

been over-irrigated, reducing the efficiency o f application, while the other half 

o f the field has been under-irrigated, reducing yield.

Since irrigation uniformity relates to crop yield and efficient use of 

resources, engineers regard it as an important factor to be considered in the 

selection, design and management o f  irrigation systems (Solomon, 1988).

2.6.1.3. Economic importance

Kunde (1985) compared investment costs, water costs and power costs 

for nine micro-irrigation designs. Initial investment costs increased with 

uniformity, while water and power costs decreased. The water and power cost 

savings were more than enough to payback the increased cost o f higher 

uniformities. In agricultural areas with higher water and power costs, the 

savings due to improved efficiencies would be even higher.



2.7. Performance evaluation

In a purely volumetric sense, the efficiency o f the system should be 

determined as the ratio o f  the water used by the plant to the water input. While 

the ultimate volumetric output o f the irrigation system is the water used by the 

plant, the output product from the whole farming system is commonly viewed 

as the marketable crop o f economic returns. While it is possible to argue that 

the efficiency o f water should not be defined in terms o f crop yield produced 

or value obtained, such gross indicators are o f most practical interest to 

commercial irrigators (Dalton and Raine, 2000).

Since irrigation uniformity is an important component o f the 

evaluation o f  in-field performance and the determination o f  application 

efficiency often involves the crop yield produced or value obtained at the farm 

level; the performance o f single non-overlapping micro-sprinkler systems can 

be evaluated on the basis o f irrigation uniformity measures, in a purely 

technical sense. The performance o f  micro-irrigation is heavily influenced by 

the uniformity o f application. Since the uniformity o f distribution o f irrigation 

water applied by a micro-sprinkler is the primary factor that determines the 

application efficiency, a measure o f the distribution uniformity can better 

describe the performance o f the system.

2.7.1. Catch-can test

The technique o f  catch-can testing is the suitable method for the 

performance evaluation o f  spray-type irrigation systems. ASAE (1991), ASAE 

(1997) and BIS (1987 a, b) describe the general procedure o f catch-can testing 

and other standard methods o f testing o f sprinkler systems.

The performance o f micro-sprinkler systems has been assessed 

commonly using catch-can methods with the cans placed in full wetted area or 

part (one quarter) o f the wetted circle (Boman, 1989; Pandey et a i ,  1995 b; 

Post eta l., 1985).



2.7.2. Performance indicators

A large number o f indices for the assessment o f irrigation performance 

have been proposed. Willardson (1972) stated that at least 20 definitions of 

irrigation efficiency existed at that time.

It is difficult to adequately evaluate irrigation performance using a 

single parameter. Hart (1972) suggests that it is necessary to use three 

efficiency terms and one distribution uniformity term to adequately describe 

the hydraulic performance o f an in-field irrigation system. However, Walker 

(1993) used two efficiency and two uniformity indices while Connellan (1994) 

used only one efficiency and one uniformity term. At the system or whole 

farm level, a range o f  performance parameters may be appropriate depending 

on the spatial and temporal boundary conditions established for the evaluation 

(Dalton and Raine, 2000). Many irrigation workers and manufacturers of 

irrigation equipments use only a single term.

Different performance indicators (dimensionless coefficients) are used 

to describe the individual performance o f micro-sprinkler. A wide range o f 

irrigation uniformity coefficients are commonly used in performance 

evaluation (Jensen, 1983). The different coefficients and methods used for the 

evaluation o f the performance o f micro-sprinkler are uniformity coefficient, 

(UC), distribution uniformity (DU), coefficient o f  variation (COV), 

distribution characteristic (DC), distribution pattern (or densogram) and 

scheduling coefficient (SC).

2.7.2.1. Uniformity Coefficient

One o f the basic measures o f  any irrigation system ’s performance is 

Christiansen’s (1942) uniformity coefficient, CUC. Christiansen defined the 

uniformity coefficient as,

CUC = I -  (D/M) ; where D in the average absolute 

deviation of irrigation amounts, and M is the average irrigation amount.



Although some modifications are also suggested to this relation, CUC 

is still used as a powerful tool for evaluating the performance o f  irrigation 

systems. The modification suggested (which incorporate the standard 

deviation o f the irrigation amounts) are UCW and UCH.

UCW = 1 -  (S/M) and

UCH = 1 -  (0.798 S/M) ; where S in the standard 

deviation o f irrigation amounts.

One o f the limitations o f  the CUC calculation is that it treats under

watering and over watering the same.

2.1.2.2. Coefficient of Variation

The coefficient o f variation, COV of application depths for a particular 

emitter is calculated by dividing the standard deviation o f the depths by the 

mean o f the depths. Since COV is a measure o f  the deviation o f individual 

depths compared to the average depth, higher values o f COV describe poor 

performance o f the system and vice versa, COV is expressed as a percentage.

Boman (1989) evaluated several micro-irrigation emitters to determine 

their uniformity o f distribution. The coefficient o f  variation o f  catch depths 

was selected as the primary performance indicator for the study. The author 

states that the COV is independent o f  the scale o f  measurement, and thus 

allows dimensionless comparison of variability for emitters with different flow 

rates. The COV values less than 100 can be considered as good water 

distribution and values over 200 indicate patterns that have a large portion of 

the effective area that receive no water. These high CO V’s may also signify 

that the pattern has areas with very high application depths relative to the 

mean.

2.7.2.3. Distribution Uniformity

The distribution uniformity coefficient (DU) is also widely used for 

spray systems, it takes into account o f  the variation o f can readings from the



mean but concentrates only on the lowest 25% of the readings. The range of 

DU values for sprinkler distributions will be similar to CUC; however, due to 

method o f calculation, DU will generally be lower. For example, for a system 

with CUC of 85%, DU will be approximately 78% (Connellan, 1994).

The distribution uniformity coefficient is usually used by turf 

engineers who often combat with dry spots in the irrigated area, rather than 

well-watered or wet spots. The use o f the ‘lowest 25% ’ is purely arbitrary and 

bears no relationship to the crop’s growing characteristics.

2.7.2.4. Distribution Characteristic

Unlike impact sprinklers, micro-irrigation emitters generally are 

located in the field with non-overlapping patterns on widely spaced plants. 

Merriam and Keller’s (1978) distribution characteristic (DC) is the standard 

method for evaluation for non-overlapping sprinklers. The DC is defined as 

the ratio o f the area that receives more than half o f the average application to 

the total wetted area, expressed as a percentage. The authors suggested that 

DC value greater than 50% are probably satisfactory and that very good 

patterns result with DC values greater than 66%.

Although DC is the standard method for evaluation for non

overlapping sprinklers, other methods are also used either singly or in 

combination with one another. Post (1986) recommended using additional 

performance indicators in addition to DC in order to better characterise the 

emitter performance. The coefficient o f  variation was the indicator suggested 

by him.

2.7.2.5. Scheduling Coefficient

The scheduling coefficient, SC is a number that relates to the 

uniformity o f coverage and how to operate the system to adequately irrigate 

the whole area, often used by the turf engineers for over-lapped patterns. 

Determination o f SC requires costly computer software like SPACE  (Sprinkler



Profile And Coverage Evaluation) or Hyper-SPACE which uses a sliding 

window technique to cover the sprinkler pattern area. The software averages 

the application values falling within the window. The window-averages are 

then reviewed to identify the driest window, and then the runtime o f the 

system is increased such that adequate irrigation (amount equal to the mean 

depth or the target application) is provided to the driest window o f the 

coverage area.

2.7.2.6. Distribution pattern and densogram

The distribution pattern or spray coverage pattern is formed by a 

collection o f curves (isograms) plotted by connecting the interpolated points of 

equal application rates within the wetted area. This gives a rough idea o f how 

the emitter applies water to the irrigated area. A good emitter should produce 

circular isograms o f  decreasing application rates from centre to outer 

perimeter o f the wetted area.

Christiansen (1942) was probably the first to point out the significance 

o f distribution pattern in assessing the performance. The distribution pattern of 

a sprinkler gives water application rates (or depths) as a function o f  the radial 

distance from the sprinkler. The distribution pattern is affected by the 

combination o f nozzle and pressure as well as the sprinkler model itself.

The ‘densogram’ is a modification to the distribution pattern. This 

involves the shading technique to represent the varying application rates. The 

densogram gives a good visual impression o f distribution o f  irrigation water 

(as well as overall uniformity o f application); it does not provide quantitative 

way to actually measure the uniformity.

A non-quantitative way to look at the wetted area is to have it 

graphically displayed using a shading technique. This process transforms the 

actual catch values into various intensities o f  shades. The dot matrix printer 

shading technique used by Centre for Irrigation Technology, Florida is to 

transform the application rates to different intensities/ densities o f  dots. The



wettest area is displayed as black (solid dots); all other application amounts 

are scaled between black and white (white represents area receiving no water 

or the dry spot) with corresponding shades or densities o f dots. The resulting 

densogram gives an excellent visual description o f where the high and low 

watering spots are, how wet or dry they are; and in general, how uniform the 

water application is.

The feel o f  over all uniformity o f  water application; for every emitter, 

can be produced by giving various shades to different application depths. The 

individual application depths can be transformed to values represented as 

percentage o f average application depth. Since they are represented as 

percentage o f the average application depth o f  the corresponding emitter, the 

emitters can be easily compared for their performance. The densogram will 

show how much a particular area over-irrigated or under-irrigated as compared 

to the targeted application rate (corresponds to average application depth, i.e. 

100% ).

Boman (1989) has evaluated several micro-sprinklers to determine 

their individual performance. He reported that the application rate o f several 

micro-sprinklers was not very uniform. Some emitters put out a ‘doughnut’ 

pattern where more water is thrown to the outside and less remains near the 

centre (an increase and then decrease in application rate from centre to 

outside). Distribution patterns o f a number o f micro-sprinklers are shown, to 

clearly describe their performance. Only one o f  the emitters tested had a DC 

value greater than 50%, Apparently, low DC values (less than 50%) are typical 

for micro-irrigation sprinkler and spray emitters. The average COV values for 

the spray emitters tested were 181, 165 and 167, and for the spinner emitters 

were 101, 71 and 73 respectively for the 103, 138 and 172 kPa tests. The 

higher COV values in the 103 kPa tests were due to a more pronounced 

doughnut effect in some o f the emitters at the lower pressure. This problem is 

common for high-pressure sprinklers that are operated at too low a pressure.



Pandey el al. (1995 a) determined the performance parameters such as 

average application rate, absolute maximum depth and coefficient o f  variation 

by single nozzle test for five makes o f  micro-sprinklers, designated for 

reference as A, B, C, D and E. The range o f mean depth at varying pressures 

and heights for micro-sprinklers A, B, C, D and E respectively were found to 

be 6 to 2 mm, 6 to 4 mm, 16 to 5 mm, 3 to 2 mm and 9 to 2 mm and the range 

o f COV were found to be 254 to 76, 207 to 90, 189 to 66, 199 to 105 and 215 

to 63 respectively.

2.8, Effect of pressure on distribution uniformity

The operating pressure is one o f the main factors influencing the 

distribution uniformity o f a micro-sprinkler system. The operation o f  a micro

sprinkler system at a very low or very high pressure (compared to the 

optimum/ recommended operation pressure) will result in poor uniformity.

Post et al. (1985) reported that most o f the emitters tested had no 

appreciable difference in its DC when operated at the three testing pressures, 

but coefficient o f variation has shown remarkable variations.

Boman (1989) reported that a slight drop in the operating pressure 

(from 138 kPa to 103 kPa) has caused a sudden increase in COV of all the 

emitters tested. The COV of some emitters more than doubled with this 

pressure drop. The development o f  a doughnut pattern was also observed, 

when the operating pressure was dropped. At 172 kPa most o f  the emitters 

have shown very good performance, at 138 kPa, beginnings o f  a doughnut 

pattern near the outer perimeter o f  the distribution pattern was observed. The 

emitters when operated at 103 kPa, has produced a pattern with a well- 

developed ‘doughnut’.

2.9. Management o f the irrigation system

Improved irrigation system hardware or management may result in 

greater distribution uniformity and improve the potential for higher application



efficiency. It follows that distribution uniformity is the first concern when 

improving irrigation system performance.

Achieving high application efficiency ultimately depends on the 

management o f the system. (Hermanson and Canessa, 1995)

Responding to the increased demand, new developments have made 

many more brands o f  micro-sprinklers and spray patterns available. A number 

of manufacturers have introduced new emitters to the market. Today, growers 

have an extensive choice o f emitters that vary widely in output discharge, 

spray diameter and spray patterns. This large selection o f emitters is beneficial 

but the growers may be unaware o f the performance capacity o f  the emitters. 

Accurate information on the efficiency/ uniformity o f  various patterns 

produced by the emitters is very essential for better designs o f irrigation 

systems and for good irrigation management. When selecting a nozzle, the 

grower should insist on seeing the information regarding the performance 

(irrigation efficiency or uniformity o f application) and should look for a brand/ 

model that have a relatively flat emission with distance from the emitter.



Materials A Methods



MATERIALS AND METHODS

This chapter gives an account o f the various materials used as well as 

the methodology adopted for achieving the objectives o f  the present study.

3.1. E valuation o f m icro-irrigation  em itters

The general test conditions and equipments are detailed in this section.

3.1.1. Location

The present study was aimed at evaluating the performance o f  various 

micro-sprinkling devices; including the analysis o f  distribution pattern and 

uniformity o f application o f the irrigation devices. Since such experiments 

require a windiess condition, the present study was conducted inside the 

SWCE (Soil and W ater Conservation Engineering) laboratory, K.C.A.E.T., 

Tavanur. The place is in Malappuram district, situated at 10°52’30” North 

latitude and 76° East longitude.

3.1.2. E xperim ental setup

The area selected inside the laboratory for the present study was 

cleared and boundaries were marked. The floor surface was level so that the 

micro-sprinkler when mounted over the stake remained vertical. The source o f 

water was a water tank fitted with a float mechanism to ensure a fixed water 

level in the tank throughout the experiment. Water was filtered before 

collecting in the tank.

A centrifugal pump (1 HP, 50 m o f total head) operated by an electric 

motor was used to create the necessary pressure to operate the emitters. The 

main line was constituted by 32 mm 0  PVC pipe and the lateral by 16 mm 0  

LDPE tube. Three gate valves connected to the delivery line o f  the pump were 

used to control the discharge from the pump and a pressure gauge was used to 

m onitor the pressure head applied. A pressure gauge o f  0 - 4 kg/cm 2 (± 1%)



was connected to the mainline such that it indicated the pressure head near the 

base o f  the emitter at a point situated about 20 cm below the nozzle of the 

emitter; but with the gauge situated in the same plane as the emitter. The 

Plates 1 (a), (b) and (c) show different views o f the overall experimental setup.

3.1.3. Emitters

The number o f micro-sprinkler models selected for the present study 

was ten. The emitter samples were randomly selected, by choosing few 

numbers o f each o f  the ten different models (from the supplier’s lot). They 

could be identified by the general appearance (design/ structure) o f  the emitter 

and the colour o f  the nozzle (The data provided by the manufacturers are 

given in Appendix I), The emitters were categorised to three general types, 

viz. single je t self thread type (ALBL, ALGR, ALRD), single je t adapter type 

(JNBK, JNBL, JNGR, JNWH) and double je t type (D-BR, D-LG, D-NG) - 

three models each from single je t self thread type and double je t type and four 

models from single je t adapter type. Plate 2 shows the emitters in assembled 

condition and Plate 3 shows them in exploded condition; the micro tubes, 

connectors or adapters provided are not shown.

The design o f  single je t self thread type emitters was such that they 

could be connected directly to a PVC pipe, a spaghetti micro tube or the 

connector provided by the manufacturer (for the present study the connector 

provided by the manufacturer was used; the emitter could be threaded to one 

end and the micro tube was pushed fit to the other end o f  the connector).

The single je t adapter type emitter could be connected to a threaded 

adapter-cum-stake, on to which the 16 mm LDPE lateral could be directly 

push fit connected.

The double je t type emitters were provided with their own spaghetti 

micro tube that can be connected to the LDPE lateral using a pin connector. 

The double je t emitters could be easily distinguished by the special design o f 

the rotor/ spreader.
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3 .2 , G e n e r a l, Functional and Operational tests

All the tests were conducted as per the standard recommendation of 

ASAE: S 330.1 - 1991, ASAE: S 398.2 - 1997, BIS: 12232 (part 1 , 2 ) -  1987; 

suggestions o f the draft Indian standard BIS: FAD 54 (590) C - 1997 were also 

took into consideration (derived from ISO: 8026, 1995).

3 .2 .1 . G e n e r a l tests

All o f the emitters were subjected to ocular inspection and strength 

tests before acceptance.

3.2.1.1. Visual inspection

The emitters were subjected to visual inspection o f the individual parts. 

They were inspected for visible cracks, holes, air bubbles or other defects that 

may impair the performance and durability o f the sprayer, its operation and 

suitability for installation. The surface smoothness and the ease o f  change or 

replacement o f parts (e.g. the nozzle) were also observed.

3.2.1.2. Hydrostatic strength test

The emitters were tested to analyse their resistance to hydrostatic 

pressure. Each o f the emitter was connected to the lateral tube; as per the 

manufacturer’s instruction, ensuring no air remains in the system. The water 

pressure was gradually increased from zero up to 1.2 times the maximum 

effective pressure (highest working pressure) declared by the manufacturer. 

The emitter was inspected for leakage or other visible damage during this test.

3.4.1.3. Travelling microscope

The emitters selected were closely examined through a travelling 

microscope for the exact size and quality o f  the nozzles. The general shape 

and smoothness o f  the nozzle edges were observed to describe the quality of 

workmanship o f the nozzles.



The emitters were selected for the rest o f the tests only if they were 

found satisfactory in the ocular inspection and strength test. Three numbers of 

each o f the ten emitter models o f the micro-sprinklers were selected. Based on 

the nature and quality o f the nozzle they were designated as replication R l, 

R2, and R3.

3.2.2. Functional test

The emitters selected after the visual inspection and strength test were 

subjected to the functional test for uniformity o f flow rate. The testing 

pressures selected for this were designated as p i, p2, p3, p4 and p5 (p3 being 

the recommended operating pressure; p2 and p4 being the lowest and highest 

working pressures declared by the manufacturer and p i and p5 falling outside 

the effective operating pressure range recommended by the manufacturer, such 

that p I < p2 and p5 > p4).

As per the instructions o f the manufacturer and recommendation o f the 

test standards, the emitter was connected to the LDPE lateral (either directly 

by means o f the adaptor or using a spaghetti micro tube).The emitter 

connected to the lateral was mounted on a stake assembly and was placed 

inside a collection vessel. The water pressure o f the system was raised to the 

required testing pressure and a small plastic vessel was placed over the emitter 

without disturbing the operation, to confine and direct the stream ejected from 

the emitter to the collection vessel. Plate 1(d) shows the arrangement.

The discharge from the emitter was collected for a specific known 

period o f  time and the flow rate o f the emitter was calculated as,

Flow rate (lph) = volume o f water collected fmlV 1000
Time (min)/ 60

The procedure was repeated for pressure p i, p2, p3, p4 and p5 for 

replications R l, R2 and R3 o f each micro sprinkler model. The functional 

relationship (pressure Vs discharge relation) o f each model was established by 

plotting the flow rate against the operating pressure.



3.2.3. Operational test

Indoor measurement o f single-leg micro-sprinkler patterns were 

carried out to analyse the distribution performance o f  the emitter. The 

technique o f catch-can test was considered to be suitable for this purpose.

3.2.3.1. Test Equipment

Catch-cans were placed on 60 cm grid intervals in a matrix extending 

to a distance o f 4.8 m from the emitter, on either side. The emitter was placed 

exactly at the centre o f the matrix. The collectors were 2 litre straight walled 

cans made o f virgin plastic material. The catch-cans were placed at the centre 

o f each square formed by the grid, assuming that each catch-can represents the 

precipitation rate over that area o f 60 cm x 60 cm. The catch-cans were named 

according to their relative distance and position with respect to the emitter 

location. The nomenclature o f the collectors is shown in Appendix II.

A stake assembly was used to hold the emitter at a height o f 20cm 

above the horizontal plane o f the openings o f the catch-cans; care was being 

taken that the stake riser was fixed vertically and did not bend or deviate from 

that position during the tests. Plate 1(e) shows the stake assembly. The 

collector at the geometric centre o f the matrix o f catch-cans surrounded by the 

adjacent eight collectors was removed and the emitter mounted on the stake 

was placed there. The Plate 1(f) and Fig. 1 describe the catch-can arrangement 

and the emitter location.

No evaporation suppressant was used for the present study.

3.2.3.2. Performance testing

Prior to conducting the test, the emitter was operated at the test 

pressure for some time to wet the surroundings and to ensure trouble free 

operation. The emitter was then operated for a period o f  1 hr while 

maintaining the test pressure. The emitters were tested at the recommended 

operating pressure and minimum and maximum effective operating pressures
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declared by the manufacturers, in three replications. Immediately on 

conclusion o f the test the amount o f water collected in each can within the 

spray coverage area was measured and recorded against the corresponding 

catch-can location.

3.3. Distribution performance

The catch-can data collected after each test was used to analyse the 

performance o f each micro-sprinkler model. The different factors or indices 

used to analyse the performance are wetted radius, average application depth, 

uniformity coefficient, coefficient o f variation, distribution characteristic and 

the distribution patterns.

3.3.1. Determination of wetted radius

As per the standard recommendation, the wetted radius was calculated 

to be the distance measured from the emitter location to the farthest point at 

which the emitter deposits water at a minimum rate o f  0.26 mm/hr; typically 

measured at any arc o f coverage.

3.3.2. Determination o f application depths

The maximum application depth (Dx) was determined as the greatest 

depth caught in any o f  the containers for a particular emitter, in cm. The mean 

application depth (Da) was calculated by averaging the depths o f  water caught 

in the cans located within a distance o f R from the emitter. The ratio (Dx/Da) 

was calculated and was represented by ‘M AX% ’ as a percentage. The ratio 

MAX% being dimensionless was used as a measure for comparison.

3.3.3. Performance indices

The various performance indices used to describe the uniformity o f application 

o f the emitters were calculated and the distribution patterns were plotted to get 

an exact understanding o f the water distribution by the emitters.



3.3.3.1. Coefficient o f uniformity

The Christiansen’s uniformity coefficient was calculated as

CUC = 100(l-da/Da) ; where

‘CUC’ is the Christiansen’s uniformity coefficient (%) 

‘da’ is the average absolute deviation from Da 

da = ^T| (di -  Da) | ; where

N

‘di’ is the individual application depth 

‘|(di-Da)|’ is the absolute deviation o f  di from Da 

[N ’, the total number o f individual application depths.

3.3.3.2. Coefficient o f variation

The coefficient o f variation (COV) o f the application depths for a 

particular emitter was calculated by dividing the standard deviation o f the 

application depths by the mean application depth, expressed as a percentage.

COV = (SD/Da) xlOO ; where

‘SD ’, is the standard deviation o f individual application depths 

-

3.3.3.3. Distribution characteristic

‘Merriam and Kellers’ distribution characteristic (DC) was defined as 

the ratio o f the area; which receives more than half o f the average application 

depth, to the total wetted area, expressed as a percentage. The coefficient was 

calculated as the ratio o f the number o f individual application depths greater 

than half o f  the mean application depth (i.e. > Da/2) to the total number o f  the 

individual application depths.



DC = Area receiving more than half o f the mean application depth 
Total wetted area

= n. number o f individual application depths, greater than Da/2 
N, total number o f  individual application depths

3.3.4. Distribution pattern

The catch-can data was used to plot the ‘densogram s’ corresponding to 

the spray coverage o f the emitters. For a particular test, the amount o f water 

collected in each catch-can was expressed as a percentage o f  the mean 

application depth, Da. The computer software ‘SURFER’ was used to plot the 

curves by connecting the interpolated points o f  equal collection (application) 

rates. The software fills the area between the contour lines; the isograms, 

connecting points o f equal collection rates according to the levels specified. 

The different levels specified were <10, 10-25, 25-50, 50-100, 100-150, 150

200, 200-300, 300-500, 500-700 and >700 percent o f the mean application 

depth. Thus the contour lines and the filled area together formed the 

distribution pattern; the densogram, which is most suitable to represent and 

compare the performance o f  different micro-sprinklers. The densograms were 

closely examined to have a critical analysis o f the distribution performance of 

various micro-sprinklers at different applied pressures.

3.4. Comparison Analysis

The different performance indices were used to compare the performance 

o f each micro-sprinkler and to analyse the claim o f the manufacturer.

3.4.1. Statistical method

The emitters were categorised in to three groups according to their 

recommended operating pressures. The emitters ALBL, D-NG and D-BH 

were in the LOW operating pressure group (1.25 kg/cm2); emitters ALGR, 

JNBK, JNBL, JNGR and JNWH were in the MEDIUM operating pressure



group (1.5 kg/cm2); and emitters ALRD and D-LG were in the HIGH 

operating pressure group (2 kg/cm2), respectively.

The analysis o f  various performance parameters (CUC, COV, DC and 

MAX%) o f the emitters were done to evaluate their relative performance, 

separately for the three groups.

The K.ruskal-Wallis test for one way analysis o f variance was done to 

determine whether there was a significant shift in the centres o f  different 

parameters used to describe the performance o f the emitters. The boxplots of 

the values o f different performance parameters were drawn to get a visual 

comparison o f the performance o f the emitters. The software SYSTAT (ver 8.0) 

was used for both the tasks.

3.4.2. Ranking

The method o f  ranking o f  different performance parameters was used 

to compare the individual performance o f  the emitters at different applied 

pressures. The final ranking o f the total value (sum) o f  each performance 

parameter (in three replications) was done to analyse the relative performance 

o f the emitters, among themselves. The emitters were ranked from 1 to 10 

according to their performance, based on CUC, COV, DC and MAX%.

3.5. Floppy sprinklers

The floppy sprinkler is one o f the newest innovations in the field of 

sprinkler irrigation technology. The floppy sprinkler has a special type of 

flexible silicone rubber tube, which becomes instrumental in sprinkling the 

water. When water is applied under pressure to the device, the w ater is ejected 

through the silicon tube to the air, and the pressure difference in and out o f the 

tube causes the tube to vibrate and oscillate in a particular manner such that 

the water is sprinkled in a circular pattern. The floppy sprinklers operate more 

or less like a common high pressure sprinkler.



3.5.1. E valuation  of floppy sprink lers

As part o f the present study, two models o f  floppy sprinklers were also 

evaluated for distribution performance. The sprinklers were designated as 

JFLP and JFPP. The sprinkler JFPP was a pop-up version o f floppy sprinkler, 

in which the silicone tube is hidden in the emitter body while not in operation. 

When pressure is applied the tube comes out o f the emitter body and operates 

like a normal sprinkler. The Plate 4(a) shows both types o f the devices (note 

that the silicon tube o f  the emitter JFPP is pulled out for the sake o f taking 

photographs).

The devices were subjected to catch-can testing and performance 

parameters were calculated. The procedure adopted for the evaluation o f the 

distribution performance o f the floppy sprinklers was similar to that followed 

for the evaluation o f micro-sprinklers. But since the throw radius o f  the floppy 

sprinklers were much higher than that o f  the micro-sprinklers, indoor tests 

were not possible. The catch-can testing was conducted outdoors, considering 

the floppy sprinklers to be comparable to common high pressure sprinklers, at 

the basket-ball court o f KCAET, Tavanur (the surface was level with <1% 

slope). The average wind speed during the test was measured with sensitive 

uni-directional anemometer placed just outside the catch-can grid at the same 

level o f  the irrigation device. The catch-can grid spacing selected was 150 cm, 

the emitter being placed at the centre o f the o f  the grid work, surrounded by 

eight adjoining cans. The Plate 4(b) shows the overall experimental setup.

As per the manufacturers recommendation, the emitter JFLP was 

operated at a height o f  2 m above the plane o f  the catch-can openings, like 

common sprinklers (the emitter was connected to a riser tube to raise the 

emitter to this height) and JFPP was connected directly to the mainline such 

that the water is sprinkled at a height o f  about 20 cm above the plane o f the 

catch-can openings. The Plate 4(c) shows the devices JFPP and JFLP .

The operating pressure range specified by the manufacturer for both 

devices was 2-6 kg/cm2. The manufacturer has assured constant pressure



Floppy sprinklers - JFPP ( Above) and JFLP (Below)

Outdoor performance evaluation of floppy sprinklers

Floppy sprinklers - JFPP connected directly to the main line 
and JFLP on riser tube

Plate 4: Perform ance evaluation of floppy sprinklers



compensated performance throughout the specified pressure range. But the 

emitter JFLP did not work well even at a pressure o f  3.5 kg/cm2, the 

performance o f the emitter did not improve even when the emitter was 

connected directly to the mainline.

The emitter JFPP was operated at an operating pressure o f  3 kg/cm2 for 

a period o f 1 hr, at the end o f the test period the catch-can data was recorded 

and the performance parameters were calculated.
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RESULTS AND DISCUSSION

The results o f the present study conducted to evaluate the performance 

o f various micro-irrigation devices available in the market were also used to 

identify the emitters, which showed better performance. This chapter gives a 

detailed description o f  the results o f the experiments conducted.

4.1. Evaluation for performance

A total o f  thirty micro-sprinklers (ten different models in three 

replications) were tested for their individual performance. The emitters were 

tested to determine their flow rate, water distribution patterns and various 

performance indices at different operating pressures.

4.2. Acceptance and  perform ance tests

The emitters were subjected to various acceptance tests prior to 

conducting the performance tests. The acceptance tests included visual 

inspection, close examination using travelling microscope and hydrostatic 

pressure strength tests. The performance tests were done to determine the 

flow rate and the spray distribution characteristics.

4.2.1. Acceptance tests

The emitters selected randomly; from the manufacturer or supplier, 

were subjected to visual inspection for shortcomings. Some o f the samples 

were found to be defective and they were immediately replaced with other 

samples o f the same make/ model. The emitters were then subjected to the 

strength lest to analyse their resistance to hydrostatic pressure. Only one 

emitter was found to be having leakage through the gap formed between the 

threads o f the nozzle body and the adapter. The emitter (ALBL) was replaced 

with another sample o f  the same model. The nozzles o f  the emitters were then 

closely  exam ined  th rough  a trave ling  m icroscope. The exac t size o f  the



nozzles and their general shape and quality are described in Appendix III. The 

size, shape and smoothness o f the nozzle edges are the main factors 

influencing the functional nature o f the emitters.

The emitters chosen after the acceptance tests were selected for further 

performance testing,

4.2.2, Flow rate

The emitters were tested for the flow rate at different operating 

pressures. The pressures were selected in such a way that emitters were 

operated at minimum effective pressure, maximum effective pressure and 

recommended operating pressure declared by the manufacturer and at 

pressures below and above the recommended pressure range. The results of 

the tests are given in Tab, 1 (i, ii). The functional performance o f  the emitters 

was determined by analysing the pressure - flow rate relationship established 

by plotting the flow rate against the operating pressure. Fig. 2(a), (b) and (c) 

show this relationship o f  single je t self thread type, single je t adapter type and 

double jet type o f emitter respectively. The curves show a general trend of 

variation o f the flow rate with respect to the operating pressure, which is 

typical for the sprinkler emitters. The nature o f  the curve (concave curvature 

to the axis o f operating pressure) satisfies the general relationship o f  “q a  

I I /!” . As the nozzle size and operating pressure was increased, a corresponding 

increase in the flow rate was observed, in all cases. The discharge rate of 

ALRD was much higher than that o f the other emitters in single je t self thread 

category. The same was observed in case o f  JNBL and D-LG in their 

respective categories (this was either due to the larger size o f  the nozzle or the 

operation at a higher pressure or a combined effect o f  both).

Some o f the emitters have shown variation in flow rate compared to 

the data published by the manufacturers. This was obviously due to the 

variation in the size, shape and quality o f the emitter nozzle in contrast to the 

manufacturers’ data. Such observations with large variation were not



Tab. 1 (i) : Flow rate o f emitters at different applied pressures

Emitter P
(kg/cm2)

?low rate (iph)
R1 R2 R3

ALBL

0.75 27 .000 2 6 .2 0 0 20 .800
1.00 31 .200 30 .600 24 .000
1.25 35 .000 33 .400 26 .800
1.50 38 .200 3 6 .6 0 0 29 .200
2.00 4 4 .2 0 0 4 2 .4 0 0 34 .400

ALGR

0.75 48 .200 5 2 .6 0 0 34 .800
1.00 55 .600 60 .800 4 0 .2 0 0
1.50 68 .000 7 4 .2 0 0 4 9 .2 0 0
2.00 78 .600 85 .800 57 .000
2.50 87 .800 9 5 .4 0 0 6 3 .6 0 0

ALRD

1.00 125.000 124 .400 131 .800
1.50 153 .200 152 .400 161 .400
2.00 176.800 176 .000 186.200
2.50 197.800 197 .200 2 0 8 .2 0 0
3.00 2 1 6 .600 2 1 5 .400 2 2 1 .800

JNBK

0.75 2 8 .2 0 0 2 0 .8 0 0 2 7 .0 0 0
1.00 32 .600 2 4 .2 0 0 31 .400
1.50 4 0 .0 0 0 2 9 .6 0 0 38 .200
2.00 4 6 .2 0 0 34 .800 4 4 .0 0 0
2.50 5 1 .6 0 0 3 8 .0 0 0 4 9 .2 0 0

JNW H

0.75 34 .800 4 0 .4 0 0 27 .200
1.00 4 0 .2 0 0 4 6 .8 0 0 31 .800
1.50 4 9 .2 0 0 5 7 .2 0 0 38 .400
2.00 56 .800 6 6 .0 0 0 4 4 .4 0 0
2.50 63 .600 73 .800 4 9 .6 0 0

JNGR

0.75 4 3 .8 0 0 4 1 .2 0 0 39 .400
1.00 50 .600 4 7 .6 0 0 4 5 .4 0 0
1.50 62 .000 58 .200 55 .600
2.00 71 .600 6 7 .2 0 0 64 .200
2.50 80 .000 7 5 .2 0 0 71 .800

JNBL

0.75 94 .800 94 .000 99 .000
1.00 109 .600 108 .400 114.200
1.50 134.200 132 .800 140.000
2.00 155 .000 153.400 161.600
2.50 173 .200 171 .600 180.600



Tab. l(ii) : Flow rate of emitters at different applied pressures

Emitter P
(kg/cm2)

How rate (Iph)
R1 R2 R3

0.75 50 .400 50 .200 50 .000
1.00 58 .200 57 .600 57 .200

D-NG 1.25 65 .200 6 4 .8 0 0 64 .400
1.50 71 .400 7 1 .2 0 0 69 .600
2.00 82 .400 81 .200 79 .200
1.00 67 .200 67 .200 67 .200
1.50 82 .400 81 .600 82 .200

D-LG 2.00 95 .200 9 4 .2 0 0 94 .800
2.50 106.400 105 .800 106.200
3.00 116.600 115.400 116.200
0.75 97 .400 97 .400 97 .200
1.00 112.400 111 .800 112.200

D-BR 1.25 125.600 125 .400 125 .400
1.50 137.600 136 .800 137 .200
2.00 158.800 155 .200 158.000
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Fig. 2 (a): Pressure-Discharge relationship o f single jet, self-thread type emitters
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Fig. 2 (b): Pressure-Discharge relationship o f single jet, adapter type emitters



D
isc

ha
rg

e 
(I

ph
)

Pressure (kg/cm2)

Fig. 2 (c): Pressure-Discharge relationship o f double jet type emitters



considered for determining the feasibility o f applying a general relationship to 

the test results.

4.2.3. Distribution performance

The technique o f catch-can test was used for the determination of 

single-emitter micro-sprinkler patterns and their distribution performance. A 

total o f 90 tests were done for ten different micro-sprinkler models at three 

d ifferen t  operating pressures in three replications. The catch-can data observed 

in these tests are given in Appendix IV.

4.3. Analysis of distribution performance

The catch-can data was analysed to determine the wetted radius, 

application depths, different performance parameters and the non-overlapped 

distribution patterns.

4.3.1. Wetted radius.

The wetted radius was (R) calculated as the distance measured from 

the emitter location to the farthest point at which the emitter deposits water at 

a minimum rate o f  0.26 mm/hr. All the emitters except D-LG have shown 

wetted radius equal to or more than 300 cm. The maximum wetted radius 

was, for emitter JNBL operating at 1.5 and 2.0 kg/cm2, 485cm. In single je t 

self thread type, ALRD has the highest R o f 365 cm; at 2.5 kg/cm2. In single 

je t adapter type JNBL has the highest R, 485 cm at 1.5 kg/cm2; and for double 

je t type 457 cm (D-BR operating at 1.5 kg/cm2). Tab. 2 shows the wetted 

radius o f  the emitters at different operating pressures.

4.3.2. Application depth

The maximum application depth (Dx) and mean/ average application 

depth (Da) were determined for each micro-sprinkler model for different 

operating pressures (three replications). The highest average application depth



Tab. 2: R adius o f coverage of em itters a t d ifferen t applied  p ressu res

E m itter P ressure R  (cm)
(kg/cm 1) R l R2 R3

1.0 300 300 300
ALBL 1.25 268 300 300

1.5 255 300 300
1.0 268 268 268

A LG R 1.5 306 306 306
2.0 306 306 306
1.5 306 306 306

ALRD 2.0 339 339 339
2.5 365 365 365
1.0 323 323 323

JN B K 1.5 323 323 323
2.0 350 350 350
1.0 323 323 323

JN G R 1.5 323 323 323
2.0 360 360 360
1.0 255 300 300

JN W H 1.5 306 306 306
2.0 306 306 306
1.0 469 469 469

JN B L 1.5 484 484 484
2.0 484 484 484
1.0 365 365 365

D-NG 1.25 365 365 365
1.5 384 384 384
1.5 247 247 247

D-LG 2.0 268 268 268
2.5 268 268 268
1.0 403 403 403

D-BR 1.25 424 424 424
1.5 457 457 457



E m itter Pressure
(kg/cm 2)

R1 R2 R3

Da (cm) M A X % Da (cm) M AX % Da (cm) M A X %

ALBL
LOO 0.131 287 0.146 301 0.130 211
1.25 0.163 348 0.192 419 0.185 562
1.50 0.180 324 0.199 407 0.188 554

A LG R
1.00 0.173 343 0.171 335 0.140 394

1.50 0.199 475 0.195 508 0.158 497
2.00 0.214 655 0.209 622 0.175 570

ALR1)
1.50 0.401 432 0.404 451 0.405 489
2.00 0.336 318 0.334 308 0.327 323
2.50 0.312 390 0.312 379 0.308 395

JN B K
1.00 0.138 481 0.129 562 0.126 520

1.50 0.164 468 0.171 507 0.167 518
2.00 0.155 509 0.158 568 0.158 583

JN G R
1.00 0.140 389 0.144 418 0.141 451

1.50 0.156 574 0.157 588 0.146 538

2.00 0.170 468 0.173 535 0.167 507

JN W H
1.00 0.177 297 0.180 331 0.157 346
1.50 0.171 514 0.179 719 0.165 542

2.00 0.183 536 0.190 487 0.186 476



E m itter P ressure Da and  M AX%
(kg/cm 2) R l R2 R3

Da (cm) M A X % Da (cm) M A X % Da (cm) M A X %
LOO 0.194 497 0.193 500 0.193 489

JN B L 1.50 0.206 571 0.209 576 0.209 546
2.00 0.234 623 0.240 645 0.240 630
LOO 0.180 207 0.154 222 0.153 223

D-NG 1.25 0.142 216 0.140 239 0.135 217
1.50 0.140 316 0.143 334 0.141 308
1.50 0.526 691 0.528 808 0.533 ^ 603

D-LG 2.00 0.514 703 0.529 642 0.535 634
2.50 0.542 633 0.556 529 0.520 578
LOO 0.159 427 0.158 395 0.157 374

D-BR 1.25 0.162 584 0.160 619 0.158 568
1.50 0.169 476 0.172 505 0.171 478



was 0.556 cm, shown by emitter D-LG at 2.5 kg/cm2 and the lowest average 

application depth was 0.126 cm, shown by emitter JNBK at 1.0 kg/cm2. Tab. 3 

shows application depth and MAX% observed in the tests.

4.3.3. Performance parameters

Since the micro-irrigation emitters available in the market are different 

in many aspects, it becomes necessary to use some dimensionless parameters 

to compare their performance. The uniformity coefficient, the coefficient of 

variation and the distribution characteristic are the indices calculated, to 

compare the performance o f the devices evaluated in this study. They offered 

a way to easily weigh the performance o f the emitters against each other.

4.3.3.1. Uniformity Coefficient

The Christiansen’s Uniformity Coefficient directly gives a measure of 

the uniformity or non-uniformity o f distribution o f micro-sprinklers. The 

highest and lowest values o f CUC shown by single je t self thread type emitters 

were 49% (ALBL at 1.0 kg/cm2) and 20% (ALGR at 2.0 kg/cm2); for single 

jet adapter type emitter the values were 38% (JNBL at 1.0 kg/cm2) and 11% 

(JNBK at 1.0 kg/cm2) and for double je t type emitters 55% (D-NG at 1.25 

kg/cm2 and 1.5 kg/cm2) and 7.3% (D-LG 1.5 kg/cm2) respectively. Tab. 4 

shows the values o f CUC shown by the emitters at different pressures.

4.3.3.2. Coefficient o f Variation

Tab. 5 shows the values o f coefficient o f  variation o f  catch-can 

observation data o f the tests conducted. Since the coefficient o f  variation is the 

measure o f the deviation o f individual observation from the mean higher 

values o f COV represent a poor distribution (large deviation from the average 

application depth) and lower values represent better performance. A COV 

value of an emitter which is less than 100% indicates “good” performance by 

that emitter.



E m itter P ressure CUC (% )
(kg/cm 2) R1 R2 R3

LOO 49.2 42.7 38.0
ALBL 1.25 33.9 28.1 24.3

1.50 38.7 29.5 26.0
LOO 36.4 38.4 38.0

A LG R 1.50 29.3 28.2 29.6
2.00 27.2 24.3 20.4
1.50 46.7 47.3 46.8

ALRD 2.00 43.8 42.7 40.3
2.50 33.6 34.2 33.4
LOO 19.9 17.2 10.7

JN B K 1.50 25.9 21.7 16.5
2.00 21.9 22,2 18.3
1.00 32.6 31.4 27.3

1 JN G R 1.50 23.6 23.2 22.9
2.00 24.1 21.5 21.2

i
LOO 33.6 28.7 29.8

JN W H 1.50 24.8 24.7 26.8
2.00 22.7 20.6 22.0
LOO 38.0 36.3 37.4

JN B L 1.50 24.2 20.1 22.6
i 2.00 20.3 18.2 19.9

LOO 50.8 49.1 49.2
D-NG 1.25 54.9 54.5 38.3

1.50 41.3 39.3 55.1
1.50 7.54 7.78 7.27

D-LG 2.00 12.2 10.2 11.5
2.50 17.6 14.5 17.5
LOO 37.7 36.7 36.6

D-BR 1.25 39.2 37.2 37.2
1.50 32.5 31.6 30.5



E m itter P ressure
(kg/cm 2)

COV (% )
R1 R2 R3

ALBL
1.00 65.7 73.2 87.3
1.25 84.5 93.6 107.5
1.50 79.7 99.6 112.8

A LG R
LOO 81.4 78.3 80.8
1.50 94.2 99.1 100.1
2.00 107.6 102.0 113.5

ALRD
1.50 74.7 75.2 77.7
2.00 75.6 75.7 77.3
2.50 89.0 88.2 88.7

JN BK
LOO 106.0 117.6 124.7
1.50 98.9 105.8 113.3
2.00 104.1 106.3 109.9

JN G R
LOO 93.7 97.2 102.2
1.50 108.9 111.0 108.8
2.00 101.9 107.6 106.5

JN W H
1.00 80.0 88.0 87.8
1.50 101.7 114.6 101.7
2.00 109.1 108.1 107.3

JN B L
LOO 90.5 93.9 92.7
1.50  ̂ 108.6 113.0 109.9
2.00 109.3 111.6 109.4

D-NG
LOO 56.5 58.0 57.5
1.25 54.5 55.3 53.4
1.50 72.6 74.3 74.8

D-LG
1.50 150.0 160.4 141.9
2.00 128.9 129.1 122.9
2.50 119.6 116.2 113.2

D-BR
LOO 81.6 82.1 81.8
1.25 83.0 87.4 86.2
1.50 87.8 90.0 93.2



Based on the COV values the best performance observed was by 

emitter D-NG (53% atl.25 kg/cm2). The highest and lowest values o f COV 

(poor and good performance) shown by single je t self thread type emitters 

were 114% (ALGR at 2.0 kg/cm2) and 66% (ALBL at 1.0 kg/cm2), single jet 

adapter type emitters were 125% (JNBK at 1.0 kg/cm2) and 80% (JNWH at

1.0 kg/cm2) and by double je t type emitters were 160% (D-LG at 1.5 kg/cm2) 

and 53% (D-NG at 1.25 kg/cm2)

4.3.3.3. Distribution Characteristic

Merriam and Keller’s distribution characteristic shows the percentile 

area receiving irrigation water at a rate, higher than half o f  the average 

application rate over the total irrigated area. It was calculated as the ratio of 

the number of catch-cans that received more than half o f  the average 

application depth, to the total number o f catch-cans placed over the wetted 

area. The best performance shown by an individual emitter (D-NG) in the 

present study was a DC of 79.5%. This shows that about 80% o f the total 

wetted area receives more than half o f the average application depth. The 

good and poor performance shown by single je t self thread type emitters were 

76% (ALRD at 1.5 kg/cm2) and 51% (ALGR at 2.0 kg/cm2), 72% (JNBL at

1.0 kg/cm2) and 44% (JNBK at 1.0 kg/cm2) by single je t adapter type emitters 

and 80% (D-NG at 1.25 kg/cm2) and 47.6% (D-LG at 1.5 kg/cm2) by double 

je t type emitters. Tab. 6 shows the values o f DC.

4.3.4. D istribu tion  P a tte rn

The densograms plotted, by joining the points o f  equal application rate 

and shading the space between those isograms corresponding to the percentile 

proportion o f the corresponding application rate, (compared to Da) were 

analysed. The densograms gave a good visual impression o f the nature of 

water distribution under different emitters. The isograms were seen to curve 

to the direction o f the emitter (to the centre) from the left side o f  the figures.



Emitter Pressure DC (%)
(kg/cm2) R1 R2 R3

1.0 73.1 67.3 67.3
ALBL 1.25 63.6 59.6 61.5

1.5 62.8 59.6 55.8
1.0 64.8 66.7 61.1

ALGR 1.5 56.3 57.8 59.4
2.0 58.0 56.5 50.7
1.5 75.7 71.4 70.0

ALRD 2.0 69.9 68.8 66.7
2.5 66.1 65.1 59.6
1.0 55.6 49.1 43.9

JN B K 1.5 62.1 59.3 54.2
2.0 55.4 52.2 50.0
1.0 62.8 64.7 62.9

JNGR 1.5 56.1 59.6 56.9
2.0 57.7 54.7 56.6
1.0 67.3 59.3 62.5

JN W H 1.5 59.2 57.5 57.5
2.0 52.9 50.7 51.5
1.0 72.1 65.6 70.5

JNBL 1.5 58.5 53.1 55.8
2.0 55.6 52.5 51.9
1.0 69.9 70.9 68.9

D-NG 1.25 77,5 77.7 79.5
1.5 67.8 68.6 66.1
1.5 52.4 50.0 47.6

D-LG 2.0 51.2 48.8 48.8
2.5 53.5 51.2 53.5
1.0 75.2 72.0 67.2

D-BR 1.25 75.4 73.3 72.6
1.5 65.8 61.0 60.3



This is obviously due to the low application depths in those regions caused by 

the shading effect o f the frame/ arm o f the emitter, directed towards the grid 

point A8 (0,450).

4,3.4.1, ALBL

The Fig. 3(a), (b) and (c) show the densograms o f  emitter ALBL at 1.0, 

1.25 and 1.5 kg/cm2 respectively. The densograms show a gradual increase in 

the application rate from the outer perimeter to the centre (location o f  the 

emitter). The entire distribution pattern and the isograms are almost circular, 

although the central part o f the figures shows some skewed patterns. In all 

three cases, a large portion at the centre o f  the pattern is representing 

application depth greater than 50% Da, thus having higher values o f  DC. 

While operating at 1.25 kg/cm the emitter produces application depths more 

than 3 times Da, shown by the darker area at the centre.

4.3.4.2. ALGR

The Fig. 4(a), (b) and (c) show the densograms o f emitter ALGR at 1.0, 1,5 

and 2.0 kg/cm . All the three figures show clear indication o f  poor 

performance by ALGR emitter. Although there is a constant increase in 

application depth up to 150% Da, the distinct zones o f higher application 

depth at the central part o f the wetted area shows high non-uniformity of 

application. The emitter even produces application depths more than 6 times 

Da at 2.0 kg/cm . Although the DC values are high, the densograms justifies 

the low values o f  CUC and high values o f COV (eg. COV, 108 at 2 kg/cm2); 

indicating low uniformity,

4.3.4.3. ALRD

The Fig. 5(a), (b) and (c) show the densograms o f ALRD at 1.5, 2.0 and

2.5 kg/cm . As expected the wetted area is more in case o f  the ALRD emitter 

(compared to other emitter in the single je t self thread emitter), in response to









the higher operating pressures. A constant increase in the application depth 

towards the centre is observed although there is a skewed pattern o f higher 

application at 1.5 kg/cm2, creating a visual effect o f a doughnut development. 

This effect is not clear at 2.5 kg/cm2.

Although the DC value is high, the presence o f a considerable area 

with application depth more than 3 times Da at 2.5 kg/cm2 reduces the 

uniformity (low values o f CUC and high value o f COV).

4.3.4.4. JNBK

The JNBK is another emitter that shows very poor distribution 

performance. The densograms o f this emitter are shown in Fig. 6(a), (b) and 

(c) corresponding to operating pressure 1.0, 1.5 and 2.0 kg/cm2 respectively. 

The distribution patterns are o f irregular rectangular shape rather than the 

general circular pattern.

The shading effect o f the emitter frame is noticeable in all three cases, 

and the uneven placement o f the high and low application depths results in 

patterns o f  very complex nature. Most part o f  the distribution patterns 

correspond to application depths < 50% Da; the patterns include considerable 

areas o f higher application depths (> 300% Da) also, thus the densograms 

comply with the performance parameters indicating poor performance.

4.3.4.5. JNGR

The Fig. 7(a), (b) and (c) represents the distribution patterns o f JNGR 

operating at 1.0, 1.5 and 2.0 kg/cm . The ‘irregular kite’ shaped densograms 

(the shading effect o f the emitter frame on both sides) justifies the indication 

o f the performance parameters. Although more than half o f the pattern area 

corresponds to application depths > 50% Da, the presence o f  significant area 

o f high application depths result in poor performance by the emitter (the 

densogram at 1.5 kg/cm2 includes a region o f  application depth > 500% Da, 

represented by a small circular area adjacent to the emitter location).
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4.3.4.6. JNWH

The JNWH is the only emitter that showed a general circular wetting

pattern among the single je t adapter type emitters. The Fig. 8(a), (b) and (c)
• • 2 show the densograms corresponding to operation at 1.0, 1.5 and 2.0 kg/cm .

Although the performance parameters indicate comparable good performance

at 1.0 kg/cm2, as the pressure is increased the performance is diminished as a

result o f the increased pattern area and presence o f high application depths.

The densogram at 1.0 kg/cm2 shows even placement o f water and

gradual increase in application depth; the maximum application depth being

less than 300% Da, while considerable portion o f the pattern corresponds to

application depths even more than 500% Da at higher operating pressures.

4.3.4.7. JNBL

The densograms o f the emitter JNBL shown in Fig. 9(a), (b) and (c) 

corresponding to 1.0, 1.5 and 2.0 kg/cm2 gives an impression o f  better 

performance; the coverage area is more compared to other emitters in single 

jet adapter type emitters. The shading effect o f  the emitter frame is present at 

all the three operating pressures. The application depths corresponding to most 

parts o f the wetted area are more than 50% Da in all three cases.

As the operating pressure is increased the radius o f  throw is also 

increased; the increased wetted area results in a corresponding decrease in the 

DC value. At higher operating pressures the application depth at the centre of 

the patterns increases from 300% Da to depths > 500% Da (at 2.0 kg/cm2 the 

emitter produces application depths even > 600% Da) Corresponding changes 

in COV and CUC are also observed indicating reduced performance.

4.3.4.S. D-NG

The Fig. 10(a), (b) and (c) show the distribution performance o f D-NG 

emitter, at 1.0, 1.25 and 1.5 kg/cm2 respectively. The patterns are o f good 

circular shape and good performance o f the emitter (as indicated by the
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performance parameters) may be inferred from the densograms also. A 

comparably larger area having application depth more than 50% Da and good 

distribution o f  high and low amounts o f  application depths (only a small part 

o f the wetted area corresponds to application depth more than 2 times Da) 

justifies the performance indicators o f  the emitter. But all the three 

densograms clearly show uneven placement o f  water within the wetted area. 

The water application depth is more to the right and top sides compared to left 

and bottom sides o f the densograms, due to the distinct incomplete circular 

patterns o f high application depth.

As the operating pressure is increased from 1.0 to 1.5 kg/cm*, the 

performance indicators show a general trend o f reduced performance. But by 

closely analysing the densograms it is evident that the placement o f  the 

applied water depths is becoming more even as the pressure is increased. It 

may be concluded that the emitter may perform better if  the operating pressure 

range is modified. The emitter should be tested at higher operating pressures 

to confirm this possibility.

4.3.4.9. D-LG

The distribution performance o f the emitter D-LG is represented by 

Fig. 11(a), (b) and (c) at 1.5, 2.0 and 2.5 kg/cm2 respectively. The poor 

performance by the emitter is clearly visible from the densograms. At all the 

three operating pressures, the entire distribution pattern is skewed to the 

opposite side o f  the frame/ arm o f the emitter; thus leaving the most pan o f  the 

area intended to irrigate (the circular area o f  radius equal to the radius o f 

throw, R) un-irrigated.

The distribution pattern is formed by irregular shaped, distinct areas 

o f very high and low application depths. The application depth corresponding 

to the area adjacent to the emitter location is very high compared to the 

average application depth (about 700% Da). By analysing the densograms it 

can be generally stated that the performance o f  the emitter is improved when





the operating pressure is increased (the doughnut patterns disappeared and the 

whole pattern became more evenly and circularly distributed). The operation 

o f this emitter may become beneficial or improved from the m anufacturer’s 

point o f view, but the performance o f the emitter in the present condition is 

not acceptable from the farmers’ point o f  view.

4.3.4.10. D-BR

The densograms o f the emitter D-BR are shown in Fig. 12(a), (b) and 

(c) corresponding to operation at 1.0, 1.25 and 1.5 kg/cm2 respectively. A 

comparable good performance o f the emitter is evident as indicated by the 

regular increase in application depth towards the centre and a larger area o f an 

application depth > 50% Da. The densograms have a rectangular shape with 

curved comers. In all the densograms wetted area corresponding to the level 

50 - 100 %  Da was more compared to other emitters. The shading effect o f 

the emitter frame was apparent in all the three operating pressures. There were 

distinct zone o f  higher application depths (> 3 times Da) at the central portion 

o f  the densograms. As the pressure was increased from 1 to 1.5 kg/cm2, 

gradual development o f  a zone o f  low application was observed, at the top o f 

the densogram. At 1.25 and 1.5 kg/cm2, the emitter puts water to the farthest 

catch-cans placed at the extreme top and right sides o f the grid.

4.4. Comparison of the performance

The values o f  different performance parameters calculated were used 

to compare the performance o f  the emitters. The comparison was done by 

different statistical and ranking tools.

4.4.1. Comparison by statistical methods

The statistical methods used include the analysis o f  variance and 

boxplots. The Kruskal-Wallis one way analysis o f  variance o f the different 

performance parameters were done to investigate whether the mean o f the





values o f  each o f  the parameter equal or not. The boxplots represents the 

values o f the performance parameter corresponding to the density function of 

the occurrence o f the values o f the performance parameter.

4.4.1.1. Kruskal-Wallis test

The analysis is done by determining the acceptance o f  the hypothesis 

that the means o f the performance parameter (CUC, COV, DC or MAX%) 

corresponding to each emitter are equal.

The Appendix V shows the result o f  the Kruskal-Wallis tests done with 

the performance parameter as the dependent variable and the emitter as the 

independent (or grouping variable). The results clearly show that the 

hypothesis is rejected in all the cases (LOW, MEDIUM and HIGH operating 

pressure groups). It could be inferred from these results that the emitters were 

performing in a very dissimilar way among themselves. So, on the basis o f the 

performance o f  the emitters they could easily be distinguished from each 

other. (The test failed to clearly explain the dissimilarity in the case o f  HIGH 

pressure group since the degree o f  freedom was only 1. So the test was 

repeated for all the ten emitters together, and the result show that there is 

significant variation in the mean o f the different performance parameters).

4.4.1.2. Boxplot •

The boxplots were drawn to visually differentiate the performance o f 

the emitters. The boxplots also help in observing whether there was a 

comparable performance between any combinations o f  the emitters. The 

Appendix VI shows the boxplots o f  various performance parameters against 

the emitter for LOW, MEDIUM and HIGH operating pressure groups and for 

all the ten emitters together. Each o f  the boxplot corresponds to the values o f 

the performance parameter in 95% confidence interval o f  the mean value. The 

box represents the values that fall in 50% confidence interval and the central 

line dividing the box in to two represents the median o f  the values o f the



dependent variable (the performance parameter). The longer boxplot (and/or 

the box) represents higher variation in the performance o f the emitter 

(represents poorer performance) and two boxplots having their box overlapped 

each other in a plane represents comparable performance.

A general conclusion inferred from the boxplots is that the emitters in 

the MEDIUM pressure group have performance which is nearly analogous 

among them; emitters in HIGH pressure group perform very dissimilarly, and 

emitters ALBL and D-BR in the LOW pressure group have comparable 

performance. The emitter D-NG performs a cut above all other emitters and 

emitter D-LG performs inferior to all other devices.

4.4.2. Comparison by ranking

The method o f ranking o f  the various performance parameters were 

used to rate the performance o f the emitters from ‘superior’ to ‘unsatisfactory’, 

(i.e. from rank 1 to 10). The Appendices 7 (i to iv) shows the relative ranking 

o f various emitter-pressure combinations in different replications and the 

ranking o f each emitter based on different performance parameters. The rating 

o f  the emitter-pressure combinations are given in Tab. 7 and final ranking of 

the emitters (based on the rank sum) is given in Tab. 8. The ranking is self 

explanatory and gives a suitable method o f  easy comparison o f the 

performance o f  the emitters.

4.5. Performance evaluation of floppy sprinklers

The floppy sprinklers tested were not performing at the specified 

operating pressure range, as per the manufacturer’s proposition. The prime 

mover used in the present study was capable o f generating a water pressure o f

3.5 kg/cm2 (indicated on a sensitive pressure gauge connected to the mainline 

just before the emitter). Both emitters did not work well at operating pressures 

< 3 kg/cm2, the rotation o f the silicon tube was got halted after operating for 

sometime, say 10 min, so that water is sprinkled only in a vertical plane (water



is applied to a small horizontal strip o f land). But at an operating pressure just 

above 3 kg/ cm 2 the emitter JFPP started working satisfactorily for a period 

more than the test duration o f  1 hr. Since the emitter JFLP did not work well 

even at 3.5 kg/cm2, the emitter was connected directly to the mainline (the 

emitter was connected avoiding the riser tube) to get more applied pressure at 

the emitter point. But the emitter was found to be operating more or less the 

same as in the previous condition. So the emitter JFLP was discarded from 

further investigation.

The performance parameters o f  JFPP were calculated; shown in Tab. 9. 

The Fig. 13 shows the distribution pattern o f  JFPP. The performance 

parameters imply a comparatively better performance o f  the sprinkler. A value 

o f COV less than 100 and higher value o f DC clearly represent good 

performance. The densogram describes a fairly good performance o f the 

emitter; a circular wetting pattern o f gradually increasing application depth 

justifies the manufacturer’s declaration. But the localised higher application 

depth zones on either side o f  the distribution pattern and the region o f low 

application depth at the centre o f the pattern is an indication o f  the operation 

o f the emitter at a lower pressure. More studies in this direction are believed to 

become fruitful to the farming community.



Tab. 7: Ranking o f emitter - pressure combinations, based on the total 

value of performance indices in different replications.

E m itter P ressure
(kg/cm 2)

R ank
(COV)

R ank
(CUC)

R ank
(DC)

R ank
(M A X % )

ALBL 1.00 4 5 7 3
1.25 14 17 15 12
1.50 15 13 16 11

ALCR 1.00 7 8 10 7
1.50 17 16 19 15
2.00 22 19 23 27

ALRD 1.50 5 3 3 13
2.00 6 6 8 4
2.50 11 11 11 8

JNBK 1.00 27 28 30 20
1.50 19 24 17 17
2.00 21 25 26 21

JNGR 1.00 16 15 12 10
1.50 24 20 20 23
2.00 18 22 21 19

JNWH 1.00 9 14 13 6
1.50 19 18 18 26
2.00 23 23 27 18

JNBL 1.00 13 9 6 16
1.50 26 21 22 22
2.00 25 26 24 28

D-NG 1.00 2 1 5 1
1.25 1 2 1 2
1.50 3 4 9 5

D-LG 1.50 30 30 28 30
2.00 29 29 29 29
2.50 28 27 25 24

D-BR 1.00 8 10 4 9
1.25 10 7 2 25
1.50 | 12 12 14 14



Tab. 8: Relative ranking of emitters, based on the average value of the performance indices at different pressures.

Em itter Rank
(C O V )

Rank
(C U C )

Rank
(DC)

Rank
(M A X % )

Rank
Sum

Rank of 
em itter

A L B L 4 4 4 2 14 3

A L G R 5 5 7 5 22 5

A L R D 2 2 3 3 10 2

JN B K 9 9 9 8 35 9

JN G R 7 8 6 7 28 7

JN W H 6 7 8 4 25 6

JN B L 8 6 5 9 28 7

D -N G 1 1 1 1 4 1

D -L G 10 10 10 10 4 0 JO

D -B R 3 3 2 6 14 3



Tab. 9: Performance o f floppy sprinkler JFPP

R 670.8 cm
Da 0.195 cm
CUC 43.67 %
COV 85.98%
DC 70.2%
MAX% 483.7 %
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Fig. 13: Densogram -  Distribution pattern of JFPP emitter at 3.0 kg/cm2
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SUM M ARY AND CONCLUSIONS

The micro-sprinkler irrigation is the most versatile means o f applying 

irrigation water, as it combines most o f the advantages o f conventional 

sprinkler and modem drip irrigation systems. A total o f  thirty micro-sprinklers 

(ten different models, in three replications) were tested for their individual 

performance and were compared and ranked based on various performance 

indices.

The emitters were categorised into three groups viz. single-jet self 

thread type, single-jet adapter type and double-jet type emitters. They were 

tested at three different operating pressures (at the operating pressure 

recommended by the manufacturer and above and below the recommended 

pressure) in three replications.

One important observation made during the acceptance test o f  the 

emitter is that the quality o f the nozzles o f the double-jet type emitters was 

excellent while that o f the single-jet self thread type and adapter type emitters 

was generally poor. The quality o f the nozzle is one imperative factor that 

affects the performance o f the devices.

The determination o f the application uniformity (more precisely, the 

distribution uniformity) o f the micro-sprinkler devices was identified to be 

very essential in assessment o f the performance o f  the irrigation system. The 

emitters were subjected to the catch-can testing and various performance 

parameters (CUC, COV, DC and MAX%) were calculated.

The average application depth, Da observed during the I hr catch-can 

test ranged from 0.13 cm to 0.17 cm (for emitters ALBL, ALGR, JNBK, 

JNGR, D-NG and D-BR); 0.17 cm to 0.19 cm (JNWH); 0.19 cm to 0.27 cm 

(JNBL); 0.3 cm to 0.4 cm (ALRD), and 0.52 cm to 0.56 cm (D-LG). The 

MAX% (ratio o f highest application to the average application depth in a 

particular test, represented as a percentage) o f single-jet self thread type, 

adapter type and emitter D-BR was in the range o f 300 to 600, while that of



the emitter D-NG was <350 and that o f D-LG was >600; clearly explaining 

the superiority o f emitter D-NG over the other emitters.

The values o f the performance parameters CUC, COV and DC showed 

that the emitters D-NG, D-BR and ALRD perform comparatively better than 

the other emitters. The emitter D-LG was proved to be inferior to all other 

emitters in almost all o f the analyses. The emitter D-NG was superior to even 

D-BR and ALRD because o f  the comparatively lower values o f coefficient of 

variation.

The emitters in the single-jet adapter type (except JNBL) performed 

very poorly in contradiction to the manufacturer’s assertion. Despite the fact 

that the single-jet self thread type emitters were put on the market without 

much promotion, they performed well above the expectations. Although the 

double-jet type emitters (except D-LG) are performing admirably, they have 

not been fully acknowledged yet.

The densograms (graphical representation o f the water distribution) 

gave a better perspective o f the emitter performance and an easy means of 

comparison. They explain how well or bad the actual distribution o f water 

occurs over the wetted area. The graphical interpretation was easy and better 

than that provided by the numerical values o f the performance indices.

Various statistical and ranking methods were used in an attempt to 

compare and grade the emitters. All the analyses have shown the superior 

performance o f the emitter D-NG over the others. The emitters were ranked 

from 1 to 10 based on different performance parameters.

In general, it could be concluded that the manufacturer’s data alone 

should not be taken into consideration while selecting the irrigation devices. 

From the farmers’ point o f  view it is safer to depend more on the technical 

information resulting from scientific investigations. The selected devices 

should be assessed in the actual field conditions also to have a view o f stable 

performance over longer runs. Similar future studies on latest devices should 

also be encouraged to get up to date technical data.
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Suggestions for future studies:

1) Analysis o f the area o f distribution pattern that receive specific application 

rate: Appendix VIII shows the amount o f  area that receive water at a rate 

specified as a fraction or multiple o f Da. Future studies may concentrate on 

determining 'emitter - operating condition combinations' that will optimise 

the area that receive water at a rate equal or near Da.

2) The use o f patterns similar to CIT densogrms: The Appendix IX shows the 

densograms formed by varying colour shades (representing varying 

fractions o f Dx), corresponding to the recommended operating pressure. It 

gives a better perspective o f the varying application rates within the pattern 

area. The future studies should also entertain use o f  such patterns and 

analysis o f those patterns using versatile software and analytical tools. The 

use o f computer software SPACE is also appreciated.
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Appendices



Emitter
(Manufacturer)

Orifice Dia. 
(cm)

Remarks Published flow rate 
Pressure (kg/cm1) - Discharge (Iph)

ALBL 0.1 Available Documentation 1.00/38 1.25* / 42 1.50/46
ALGR 0.15 Available Documentation 1.00/85 1.50+ / 105 2.00/120
ALRD 0.2 Available Documentation 1.50/150 2.00" / 175 2.50/200
JNBK - Orifice size - No data 1.00 / 39 1.50" / 46 2.00/51
JNWH - Orifice size - No data 1.00 / 48 1.50*/55 2.00/61
JNGR - Orifice size - No data 1.00/69 1.50*/ 83 2.00 / 93
JNBL - Orifice size - No data 1.00/110 1.50*/ 130 2.00/153
D-NG - Orifice size - No data 1.25*/60
D-LG 0.13 Well documented data 1.50/64 2.00* / 75 2.50/83
D-BR - Orifice size - No data 1.25*/ 104

Note: + recommended operating pressure



Note; * The emitter is placed at the centre, i.e. H8 (450, 450)
GRID X , Y GRID X , Y GRID X , Y GRID X , Y GRID X , Y

A1 30, 30 DI 210, 30 C l 390 ,30 J1 570, 30 Ml 750, 30
A2 30,90 D2 210, 90 G2 390 ,90 J2 570, 90 M2 750, 90
A3 30, 150 D3 210, 150 C3 390, 150 J3 570, 150 M3 750, 150
A4 30, 210 D4 210, 210 G4 390, 210 J4 570,210 M4 750, 210
AS 30, 270 DS 210, 270 G5 390, 270 J5 570, 270 M5 750, 270
A6 30, 330 D6 210, 330 C6 390, 330 J6 570,330 M6 750, 330
A7 30, 390 D7 210,390 G7 390, 390 J7 570, 390 M7 750, 390
AS 30, 450 D8 210, 450 G8 390, 450 J8 570, 450 M8 750, 450
A9 30, 510 D9 210,510 G9 390, 510 J9 570, 510 M9 750, 510

A10 30, 570 DIO 210, 570 G10 390, 570 J10 570, 570 M10 750, 570
A ll 30. 630 D ll 210, 630 G1I 390, 630 J l l 570, 630 M il 750, 630
A12 30, 690 D12 210,690 G12 390, 690 J12 570, 690 M12 750,690
A13 30, 750 D13 210,750 G13 390, 750 J13 570. 750 M13 750, 750
A14 30, 810 D14 210, 810 G14 390,810 J14 570. 810 M14 750, 810
A15 30, 870 D15 210, 870 G15 390, 870 J15 570, 870 M15 750, 870
A16 30, 930 D16 210, 930 G16 390, 930 J16 570, 930 M16 750, 930

B1 90, 30 El 270, 30 111 450, 30 K1 630, 30 N1 810, 30
B2 90, 90 E2 270, 90 H2 450, 90 K2 630, 90 N2 810, 90
B3 90. 150 E3 270, 150 H3 450, 150 K3 630, 150 N3 810, 150
B4 90, 210 E4 270, 210 H4 450,210 K4 630 ,210 N4 810, 210
B5 90, 270 E5 270, 270 H5 450, 270 K5 630 ,270 N5 810, 270
B6 90, 330 E6 270, 330 H6 450, 330 K6 630, 330 N6 810, 330
B7 90, 390 E7 270, 390 H7 450, 390 K7 630, 390 N7 810. 390
B8 90, 450 E8 270, 450 * H8 450, 450 K8 630 ,450 N8 810, 450
B9 90, 510 E9 270,510 U9 450, 510 K9 630, 510 N9 810,510

BIO 90, 570 E10 270, 570 H10 450, 570 K10 630, 570 N10 810,570
B11 90, 630 E ll 270, 630 H ll 450, 630 K ll 630, 630 N il 810,630
BI2 90, 690 E12 270, 690 H12 450, 690 K12 630, 690 NI2 810,690
B13 90, 750 E13 270, 750 H13 450, 750 K13 630, 750 N13 810, 750
B14 90, 810 EI4 270, 810 H14 450, 810 K14 630, 810 NI4 810, 810
BIS 90, 870 E1S 270, 870 H15 450, 870 K15 630, 870 N1S 810, 870
B16 90, 930 E16 270, 930 H16 450, 930 K16 630, 930 NI6 810, 930
Cl 150, 30 FI 330, 30 11 510,30 LI 690, 30 O l 870, 30
C2 150,90 F2 330,90 12 510 ,90 L2 6 9 0 ,90 02 870,90
C3 150, 150 F3 330, 150 13 510, 150 L3 690, 150 03 870, 150
C4 150, 210 F4 330,210 14 510,210 L4 690 ,210 04 870, 210
C5 150, 270 F5 330, 270 IS 510, 270 L5 690, 270 05 870, 270
C6 150, 330 F6 330, 330 16 510, 330 L6 690, 330 0 6 870, 330
C7 150, 390 F7 330, 390 17 510, 390 L7 690, 390 0 7 870, 390
O 150, 450 F8 330, 450 18 510, 450 L8 690, 450 08 870, 450
C9 150, 510 F9 330, 510 19 510, 510 L9 690, 510 09 870,510

CIO 150, 570 F10 330, 570 110 510, 570 L10 690. 570 010 870, 570
C ll 150, 630 F ll 330, 630 111 510, 630 L ll 690, 630 O il 870, 630
C12 150, 690 F12 330, 690 112 510, 690 L12 690, 690 012 870, 690
CI3 150, 750 F13 330, 750 113 510, 750 L13 690, 750 013 870, 750
C14 150, 810 F14 330, 810 114 510, 810 L14 690, 810 014 870, 810
C15 150, 870 F15 330, 870 115 510, 870 LIS 690, 870 015 870, 870
C16 150, 930 F16 330, 930 116 510,930 L16 690, 930 016 870,930



Em itter O rifice Dia. R em arks Em itter O rifice Dia. Rem arks
(R eplication) (m m ) (R eplication) (m m )

A L B L : R1 0 .9 satisfactory nozzle ed g es J N G R : R1 * 1 .0 5 ,0 .9 8 satisfactory, but oval shaped nozzle
A L B L : R 2 0 .8 9 irregular e d g es J N G R : R 2  * 0 .9 2 , 1.05 satisfactory, but oval shaped nozzle
A L B L : R 3 * 0 .6 7 , 0 .7 7 highly irregular, square shaped nozzk J N G R : R 3 * 1.1, 1.07 irregular ed g es
A L G R : R1 1.06 satisfactory nozzle ed g es J N B L : R1 1.78 satisfactory, slightly oval shaped
A L G R : R 2 1.1 minor irregularities J N B L : R 2 1.78 satisfactory, slightly oval shaped
A L G R  : R3 * 0 .8 4 , 0 .6 8 highly irregular, triangular nozzle JN B L  : R3 1.96 satisfactory, slightly oval shaped
A L R D  : R1 1.8 satisfactory nozzle ed g es D -N G  : R1 1.21 perfect circular shape - fine e d g es
A L R D  : R 2 1.8 satisfactory, alm ost circular shape D - N G : R 2 1.21 perfect circular shape - fine ed g es
A L R D  : R3 * 1 .87 , 1.8 satisfactory, but oval shaped nozzle D -N G  : R3 1.21 perfect circular shape
J N B K : R1 0 .9 2 satisfactory nozzle ed g es D -L G  : R1 1.7 circular shape - very fine e d g es
JN B K  : R 2 0 .7 9 minor irregularities D -L G  : R 2 1.7 circular shape - very fine e d g es
JN B K  : R3 * 0 .7 9 , 1 highly irregular e d g e s D - L G : R 3 1.7 circular shape - very fine e d g es
JN W H  : R1 1.02 very good nozzle e d g e s D - B R : R1 1.68 perfect circular shape - very fine e d g es
JN W H  : R2 1.1 satisfactory nozzle ed g es D - B R : R 2 1.68 perfect circular shape - very fine e d g es
JN W H  : R3 * 0.66, 1.1 highly irregular e d g e s  and shape D - B R ; R 3 1.68 perfect circular shape - very fine e d g es

Note: * The values given for orifice dia. were measured in two directions at right angles to each other
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C I I F U I i n 13 H I O il
C I2 FI2 112 l i : 012
C IJ F13 II? L I  1 o n
CL* F14 114 LM Ol*
C I5 Fl5 115 LIS o n
C I6 Fib Lib Lib 016

i fr v * . 0  tfrwM ri rrn tm f, ► iIhiw ici i f a w f t *  l p i  v f  A r  m w f  m i r J i  A i r  f w t r j

A p p e a d t i  l V ( > h  C a t e b -c a o  d a ta  < A m o * io ( o f w a t e r  o b ta in e d  in c a tr h -c a a s )

E n i i w A L B L Temp (*c) |n 1114J 2? ri

P w u i  (li|/an ‘J' 1 50 Kirinl 27 5

R cp lu tun : R2 R d klum 0*1  Imiid 92.0

O w vlun (hr). 100 hi n»| 9| 0

Wind Dau. No imod (elQHd lintkxM1!)
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Emitter ALGR Tonp. fc) filial 21.0
rr«MW« (kjAro1) 1.50 Final 50 0
RcpticMiOn Rl M  Hum. (tt) InHial: 100
D«/nPoti (hr) 1 fXl ' Final; ii.o
Wifni Data Nu wuid (cloaod wkm)
CUD CATCH GRID CATCH GRJD CATCH GRID CATCH GRID CATCH
POINT 1-1) POINT <-U POINT m POJKT <-0 POINT

A! DI Gl 11 Ml
A3 D2 02 12 M2
A] m 03 73 M3
At LM 04 t 34 4 M4
A3 Di 05 50 JS U Mi
A6 EX> 06 n J6 20 V6
A7 l>7 G7 us J7 19 M7

► AJ a t Gt 35 J I 23 MS 5
A9 IN 4 GS 65 J9 52 M9 4

AI0 Din GI0 57 JI0 W M10
A l l Dll o n 24 ; n 12 Mil
A l? [Ji? Qiz 312 4 M12
AU Dl5 an JIJ MU
Alt 1)14 014 314 M14
A H D15 GIJ 315 M 15
AI6 D16 016 31* M|6

31 El HI Kt Nl
32 E2 m K2 N2
35 £5 m K3 N3
04 £4 H* 10 K4 N4
35 £5 10 H5 31 K5 10 NJ
36 £6 37 H* 34 K6 13 N6
a t F.7 24 HT 42 KT 13 H7
B& F-I 14 d  HI K* 14 Nl
99 E9 27 H9 96 K9 16 N9

310 CIO 10 HJO 49 K lO J« NIO
Dll £11 HI 1 2T Kll 9 Nil
Bl2 £12 HJ2 4 KI2 N ]2
Dl 5 £15 HI] KI3 NI3
BI4 £14 HI4 KL4 N14
BI5 ELS HIJ KU NIJ
Bl* El* HI6 M* NI6
Cl Hi Jl LI Ol
a F2 12 L2 03
CJ F5 U U 03
C4 F4 6 14 4 LA 04
C5 FS 51 JJ 20 L5 5 05
C* F6 57 16 27 LA 7 06
C7 F7 49 17 34 L7 7 07
Cl F* 14 If 64 LI • Of
C9 P9 52 19 91 L9 7 09

CIO FIO 49 no 41 LIQ 7 OJD
CM F11 H 111 29 L I 1 on
Ci? Pi 2 1)3 4 Ll2 012
CI3 FI 3 111 LI3 on
CI4 FI A 114 LI4 OJ4
CIS FIS 115 LI 5 015
CI6 FL6 116 LI6 Ol*

lW<utt- O Jtfvitt rmWtr a «*wcj Jmtkw oflktjrmm a/At «d*fr J— mfc Atf jptmf

Apptftdit LV|15)j Cfttcb̂ cec data (Aw twit of water abtitowl la catcfc-cau)

Eimttii ALGR Twap.Ce) Initial. 21.0
Pmuwe (kgAnt1) 1.50 Fnal. 215
Rapiicabon KJ RAJ IRua (56) Initaad: 900
Duration (60 
Wind On

1.00
f*0 wind Idoaed xAun)

Final. 19.0

GRU> CATCH GRID CATCH CRD CATCH CRD CATCH (A lt CATCH
POINT m POtNT (WD POINT (■<) POINT &L pom (wb

AJ DI Ql Jl Ml
A2 D3 01 J2 M2
A3 DI 03 Jl M3
A4 D4 04 I 14 5 M4
AJ D5 05 16 J5 12 M5
A6 136 06 15 J6 22 M6
AT D7 07 113 J7 13 MT

» At tw GI 14 Jl 24 M» 4
A9 D9 4 09 36 J9 49 M9 5

A10 DIO GIO 39 no 23 MIO
Al 1 Oil Oil 21 in 12 Mil
All DI2 Gtl in 1 M12
AU on G13 in M13
AH 014 014 JK MH
Al 5 DIS GIS IJ5 MU
AI6 Dt6 01* Ji* Ml*
Bl £1 HI Ri Nl
32 £2 H2 tu N2
ft) Fi H3 IO N3
84 £4 H4 5 K4 N4
85 E5 9 H5 21 KS 14 N5
86 F6 29 H6 31 R6 I 1 N*
87 El 17 H7 25 KT 14 N7
BS Ef 1L Q Ht Kt 9 NS
39 &* 20 H9 74 K9 11 N9

BIO I! 10 6 HlO 31 K10 15 NIO
Bll El 1 Hi 1 19 Kll 4 Nl)
0 2 £12 HI3 4 till NI2
DL3 FI3 HU K13 Nil
814 £14 HI* K14 NI4
Bt5 FIS HLS JCI5 NIJ
316 E16 Hl6 KI6 NI6
ct FI Jl 11 01
C3 P2 n L2 02
a F3 D U 03
C4 F4 4 14 7 L4 04
cs F5 32 15 12 LJ 4 05
C6 F6 61 16 U L6 5 06
C7 F7 29 17 26 L7 4 07
Ct Ff 9 L* 42 U 4 Of
C9 FV 4* 19 95 L9 s 09

CIO FIO 32 no 30 LJO 4 Old
CM Fll LI in 12 LI 1 Oil
CI3 Fi2 113 9 LIJ 012
CU Pi J in L13 013
CI4 FI4 114 LI* 014
CI5 Ft5 115 LJS on
Cl* FL6 116 LI* Ol*

{k'tM 0 i tu x m w  jmL'Acwi/aâ uHf ip'aw «muw im«ia6 au>̂uĤ

Rmiilnr ALGR Twnp. (*C) Ijniial 795
7r«aawri (Vj/w**)- 1 50 Final Zt i
R̂ licaliort. R2 B«L Hum. (%) Jniltal IB 5
Dunt»on (lr): 100 Fipal <9.0
Wrnd CMa No w y  (<A*ed a*!***)
GRD catch CRD CATCH GRIP CATCH GRID CATCH GRID CATCH
POINT (-1] POINT m POINT (-JL POINT (•4) POINT (ml)

Al DI Gl Jl Ml
A3 D2 02 J2 Ml
A3 DI 03 Vi M3
A4 D4 04 7 J4 4 M4
A5 Di OS 45 15 ] i MS
Afi 86 06 106 J6 11 U6
A7 D7 07 147 J7 17 M7

► Al DC 01 19 Jl 29 ' Ml 7
A9 D9 s 09 54 19 *4 MV 4

AID DID o n 69 J10 2B M to
Al 1 DU Oil 21 JJ 1 It MU
Al 2 812 012 Jl 2 7 Ml?
All 813 013 113 MU
AI4 814 014 J14 Mi 4
Al 5 on o n JtJ Ml 5
A16 816 016 JL* MIo
81 El Hi Kl NL
82 E2 H2 K2 n:
83 El H3 K3 N]
84 E4 H4 7 K4 N4
BS E3 I) Hi 32 K5 12 N5
86 E6 26 HA 41 K6 IS N6
a* BT 21 HT 37 K7 17 NT
91 BS 12 t> HI KS 13 NB
89 B9 25 H9 S3 K9 L4 N9

BIO BID » HlO 43 RIO L9 N|U
Bll Bll HU 24 Kll 6 Nil
813 EI2 HI2 5 KI2 N12
813 £13 HI3 K13 NIJ
814 EL4 HI4 K14 N14
BIS £15 Hli KU N15
Bl* Bl* HLb Rl* NI6
Cl FI 11 LI Ol
C2 F3 12 U 02
C3 F3 13 L3 03
C4 F4 1 14 * L4 04
CS F5 4| 15 11 15 4 05
C6 F6 *4 16 25 L6 9 06
C7 FT 31 1? 31 L7 5 07
Cl FI 12 If 59 LI 6 OK
C9 W 57 19 102 L.9 4 09

CIO Fia 42 IIQ 32 LIO 4 Old
CU Fll 13 III 24 III Oil
CI2 F13 H2 12 L12 Ol?
Cl 3 F)3 113 L13 o n
CI4 FJ4 114 LI* 014
CU FU Hi L15 o n
Cl* Fid 116 Li* o n

DfiW; t) 4mnw mimr. » * Anrtwi jtmfwm
Appndii JV(t^ Calcb-eat data (Aawnat of water obtalacd ia caleb-eiw)

Emm*] ALGR Tamp. (*t) to ilid' 290
Pnawii (kffem1): 2.00 Final. 300
RapiwWHW Bl R4 Hum. (54) LaiUal W 5
□*nbm(br); LOO Find 17.0
w *4 D*r Hi Mid (ck*d Mm)
CUD

IWNT
CATCH

(wl>
CIUD
POINT

CATCH
1*0

GRID
POINT

CATCH
(wU

GRID
POINT

CATCH
(■8

GRID
POINT

CATCH
1«t)

Al 8) 01 Jl Ml
A2 D2 02 J2 M2
A3 D3 03 13 M3
A4 D4 04 7 54 M*
AJ 05 05 3* 55 12 MS
A6 D6 6 0* 92 36 22 M6
A7 07 OT 200 37 21 M7 5

► Al u OS 27 J* 2* Ml 7
A9 09 l 09 61 19 67 M9 *

AIO DIO 0JD 35 J)0 3S MIO
All Dll Oil 32 J] 1 21 MU
AI2 D12 012 11 J 2 4 mu
All D13 0)3 JI3 MU
AI4 014 014 Jl* Ml*
AI5 DJJ OIS JU Ml 5
A16 Dl* 01* JI6 Ml b
Bl Bl HI Kl Nl
B2 E3 H2 K2 N2
B3 E3 10 K3 N3
B4 E4 H4 4 K4 N*
B5 85 19 HJ 33 KS 10 NJ
B* 84 2* H* 40 K6 n N6
87 87 27 H7 62 KT 15 NT
8f Et * a Ht KS 17 NB
89 E« £3 w 132 K9 20 N9

810 BIO 22 HlO *3 KIO 22 MO
811 III 12 HI 1 34 Kll 15 Nil
812 812 H1Z 9 KI2 Nl?
813 813 HL3 K13 NIJ
BI4 £14 HI* Kl* Nl*
BIS BU HU KiS NI5
81* Bl* HI* Kl 6 Nl6
Cl FI 11 LI ot
Ci P2 12 L2 02
C3 F3 13 L3 03
C4 P4 7 14 L4 04
CS PS <0 15 11 L5 7 05
C* P* *5 16 32 LA 1 06
C7 P7 41 17 40 L7 10 07
Cl PI 10 U 77 LS 11 01
C9 P9 4* 19 9* L9 12 09

Cio PlO 4* I1D 31 LIO 10 OIO
Cll PU 22 [It 23 LI I 4 OH
Cl2 F12 12 112 6 LI2 012
0 3 FL3 113 LU 0)3
C14 FI* 114 LI4 Ol*
CU PU 115 LI5 015
Cl* FI* [16 LI6 016

/jVc* 0 dbnciQf nHmr ►  ̂ wWr dimsawa 8r „R—arc/Nr eaUMff *n*on6 Au* J



r>mnti A I .(IR T*mp. ( V j  Inlial. is  o limine AtjCIA Temp l “c) Initial 27

PlCWWC 4 L. ■i :ix : Final 29 a P n u u rt 2 00 Hsrvn

KfpiiCi*u>n K 2 JUt flwti (H )  kih.liaJ- oou Rtplicitun. R.1 Rel Hum <%l Imr.xl h,’

OtirailHln (lir) 1 flu Final jw 5 Duration fhr). I 00 F^n*' 91

Nil i*inJ imlikin) N«Miid(el«eb indiunl
G R ID  ( A m i G RID f AT< H C HID C A TC H GRID C A TC H G R IP C A TC H

p o i n t  i>it POINT (A ll POINT (■1) P OINT [Ml> POINT (■1)

Al [>l O l Jl Ml
M L>2 02 J2 M2
A3 [>i (13 Jl M l
A* [M 04 4 J4 5 M4
A? US OS 34 J5 10 MS
Ah l>> 7 06 104 J6 21 MA
A7 U7 07 186 J7 16 M7 6

► Al i>m OV 21 J8 21 MS 4
A9 [ » S 09 72 J9 72 M4 9

Alt) m o 010 S3 JIO 41 M FO
A l l [>i l G i l 28 Jit 17 ME E
A 12 t>i: 0 (2 14 J 12 6 M 12
A 1 3 Ol 1 013 Jl 3 M U
Ale [>|4 014 Jl* M l 4
Al 5 Ol s G l* Jl* M IS
A lh O lh 016 J 16 M 16

Hi HI h i K i N l
HI e:? t o K2 N2
B ) Fi) H ) K3 N3
B4 J -A 144 * K4 104
11} 1LS 14 US 29 K5 9 N5
Eli J in 2* N6 44 K6 8 N6
U7 l:7 21 1(7 S3 K7 16 S7
us li* 7 i> Jit K8 19 N8
H9 1:9 26 K9 |4| K9 IS N9

m o 1:10 IX HIO 67 KIO 21 N 10
m i 111 14 HI 1 28 K l l 13 N i l
h i : lil 2 HI2 10 K I2 N12
H u Hi 1 H U K l l N13
RI4 M4 H I* K I4 NJ4
m s F.U HIS K IS M S
m<> t.u- H I6 K 16 N16

Cl F'l 1) Li 01
C2 1'2 12 L2 02
C l HI LI L I 01
Ce 1-4 S 14 L4 04
cs M o7 IS 14 L5 6 OS
Ch f-ft SK 16 35 L6 14 06
C7 H'J 44 J7 41 L7 9 07
C l H* 12 IS 69 LB U OS
C » rv 4 ) 19 10J L9 B 09

CIO to 44 n o 39 L10 7 O ld
c n 11 1* 111 I t LI 1 4 o n
C l 2 M2 1) 112 7 M 2 012
eta R .l I U L U 013
C l* Y\* 04 LI4 O N
CIS 15 IIS L U O IJ
C l* 1 h JI6 L I6 016

(fi'ntf 0  4N »ifi ► Jtrr/ffi Jirnntm  {rf' MW Jnwm o f  Ac (■Mfci1 *71*1/16 (W»; p^"0

A p p e n d ix  I Y { l 6 j ;  C a k t M r a n  d a ta  (A a a o a a t  o f  w a t e r  o b ta in e d  la  c a t c b -r a t u )

Eimjncr

RepUcenoii 
fMitHSfi (V }  
Wind DtUa

Al Rh
1 SO 
kl 
] (Ĥ

No v <hI idiwcd iiKUvn)

T « n p  t*c) 

Ra|. hum (H )

Iniltal:
Final:
Initial:
F«i*l

290
305
90.0
as 5

GRID C a TC H (.m i) CA1X1I GfUD C A TC H G M D C A TC H GRID C A TC H
K M N T {■<) POINT l« l ) P O IN T POINT t - 5  . POINT I r J I .

Al D\ 01 J] M l
A2 02 01 J2 M2
AS O ’ 03 33 M3
A4 EM 04 SI J4 29 M4
A3 os OS 16 JS 71 M*
A6 tn, 6 0 6 142 36 64 M6
A7 1)7 07 SI J7 82 M7

6 AH DK 48 01 ?2 JS SO MS
A9 IP' 0 9 97 53 M9

A10 O ld 010 71 JIO *3 M 10
A ll LSI 1 O il SI J i t J9 M il
A12 O U 012 It J12 M 12
A U 0 1 ) O U 4 J U M U
A14 014 014 Jl* M14
At* 013 C l* JI5 M l 5
AM- Olh 016 JI6 M J6

til LI Hi K l N l
B2 Ii2 H i K i N2
B.l l-J H3 4 KJ N5

t H4 YA H4 65 K4 4 N4
HS l ;j 20 HS 94 KJ 57 N5
H6 J:6 5* 146 75 K6 64 N «
FI7 C7 29 H7 54 K7 51 N7
a* l:> 14.1 O 111 K8 39 N8
119 L9 99 H9 75 K9 56 N9

BIO Hit; 10 H10 94 KIO 54 m o
HI 1 lit 1 HI F S8 K l 1 16 N il
HI 7 t: i : HI 2 23 K l? N 12
HI 1 c l t 14)3 K l ) N l )
E1I4 1.14 4114 K I4 IN 14
BJS E.IS HIS KIS Nl 5
HI6 HI b H|6 K 16 N I6

Cl 11 II LI o t
C2 K2 12 L2 02
CJ l't 13 4 L3 03
C4 F4 [4 U 66 U O*
C J FS S9 1* 80 LS 4 o s
C6 f;h K7 16 78 L6 22 06
<T F? |7« n 74 L7 4 1 07
tTf FS 248 El 74 l£ 45 0*

L'9 123 F9 64 L9 54 09
CIO ITO 7* 110 65 LIO 9 o i  o
CM FI l 37 111 41 L I 1 O l 1
C t2 m 112 17 LI2 O U
C13 Ft 1 113 LI3 013
f t  4 Ft* 114 LI4 O H
CIS FIS IIS LIS 01*
C l 6 Frl6 116 L i t 016

(NnH; <J Jw/MH

(JH1Q C A TC H  
P O IN T ietU

GRID
P O IN T

C A TC H
( - 0

GRID
POINT

C A I T H
L»f>

GKJP
POINT

C A TC H
l*T|

GRU> CATCFI 
POINT 1*1)

A l P I O t Jl .Ml
A2 □2 02 Jl M2
A3 P3 03 Jit M l
A* D4 04 4 J4 4 M4
A* DS 05 2! JS It M*
A6 □6 4 06 1 (4 J6 .h M6
A7 D7 07 143 J7 . I M i *

»  At PS 01 21 JS ' 7 MH J
A9 D9 4 09 64 J9 62 MSI s

AlO DIO O K ! 39 n o 38 K|IO
A l l D l l o n 23 i i  i '. 1 MM
A I2 D I2 012 10 J U 4 M 12
A U Dl3 013 JU M l 3
A14 D I4 014 m M I4
A ) 5 D l5 01* Jl 4 MIS
A I6 D I6 016 JI6 M U 

91 E l HI Kl NI
82 B2 m K2 N2
83 E3 H3 K3 S3
B4 E4 IW 6 K* N i
83 ES 11 H3 It KS f, N5
86 U 24 H6 36 K6 9 N6
B7 E7 17 H T 40 K7 t ; \7
Bi £ t 5 O  HS KS 16 N l
B9 89 28 H » 125 K9 to yi'i

BIO e io 15 m o 43 KIO 16 N 10
B U E l l Jl m i 24 K l l id N il
B U E l i H U 9 K l l N 12
Bt3 E13 H U KI3 N l )
B14 G14 H U Kt4 N 14
BIS e u HIS KIS NJ5
B i t £16 Ht6 KE6 NI6

C l F l it L I (Jl
C3 P2 12 U 07
C3 P3 IS U O l
C4 F4 4 U L4 04
CS FS 49 a 11 1.5 s 0*
C « H6 61 16 36 L6 9 06
C? FT 32 17 49 L7 11 07
C l FS 11 IS 52 LS 9 08
C9 F9 3a » 16 L9 6 09

CIO pio 47 JIO 31 LIO 4 010
C l ) F I  ] I t i l l 13 L JI 4 o n
C I2 FI2 II H2 4 L 12 012
C I1 F I  J 113 L ] 3 013
C I4 FI4 114 L14 014
C l* FIS IIS LIS OE5
C I6 F|6 116 LI6 O lh

fiitm: fi i , ► Awwi Anabfl cfdm from* du tmi/nr im'i/i tftof jkwipJ

Ap p e n dix  C a icb -ca *  data ( A a

iVt/em1)
A  LA O  
I 50 
A}
1.00
No wind (chmd n f a m )

« a t  o f  w a t e r  t b t a i a e d  i» c a l r b - c a i u )  

Temp {*e} trims! 10.0
Fmd 28 S
Lntdal 47 0
FinaJ 49 0

G U I  C A T C H  
P O IN T (ail) I§ C a t c h

i^ i

G U >
K W T

C a t c h

<i >
G r id

PtMNT
c a t c h

tni)
GRID
POINT

C A TC H
m l)

A l D l 01 j i ML
A2 D2 02 j i M2
A J DS OS IS M3
A4 D4 04 53 J4 24 M4
AS DS 05 9t JS 81 M*
A t U6 6 06 140 J6 *9 Mh
A? D7 07 7V J7 H? M l

P A t l) t 51 US 71 14 T l .Ml
A9 D9 09 94 19 *1 M9

AlO DIO O IO 72 JIO 54 M It!
A l l D l l G i l 50 ; i t 1S M il
A12 D t l 012 16 JI2 9 M U
A U D U 013 6 ; u M|3
A14 D14 014 J 14 M14
A l 5 D U 015 J 15 M l*
A16 D16 016 J 16 M lh

B1 E l HI K l Nl
H i a H2 K2 N2
B i E3 US 5 K5 N3
B4 £4 U4 63 K4 5 N4
85 ES 19 K5 91 K* 33 N5
B6 Ed 60 H6 7J K6 66 N6
87 E7 28 H? 51 K7 55 N7
B t E t 126 Q  HS K< 37 N l
B9 £9 92 H9 79 K9 57 N9

BIO BIO i t HIO 98 Kla 5* NIO
B H CM H l l 61 K l l l? S I  1
B12 £12 HI2 20 K l? N 12
H I 3 £13 HI3 K l 3 N U
B14 £34 HI4 K 94 NI4
BIS £15 HtS Kl* NF*
B )6 B16 H I6 K I6 N 1 b

C l FI 11 1.1 Oi
C2 P2 12 U 02
C J F3 13 6 Lt O )
C4 F4 12 14 6S M (W
C5 F5 64 IS SS 1.5 (i os
C6 F6 89 16 73 L6 15 0 <s
C7 F7 112 17 79 L7 40 07
C l F t 261 II 73 LS 48 08
C9 F9 120 19 61 1.9 J7 09

CIO FlO 77 110 64 LIO 10 m o
C tl F I ) 40 111 *1 LEE O il
0 3 F12 I U 19 Lt2 012
0 3 F13 113 LIS o n
C14 F I* 114 LI* 014
0 5 FI5 1)5 LIS o u
C16 F16 116 LI6 016

(Mom O < . ► dtmrntditmizirmitfdmfnimtQjiim tmimrW»*3r<J* riu ip w l)



Rm itw M .no Tamp (’ ol Initial: 28.0

PrWlurv (kg/cm1). 1.50 Final' 29 5

Replication HI ltd iluin (* )  IwLuJ 91.0

Dunoon ihrj I W Final: 99 5

Wind Dull So winl (tlrtdl nkvfi)
C M D C A TC H GRID c a t c h GRID C A TC H GRID C A TC H G U O  C A TC H

POIN T (*■1 POIN T I**3) P OINT (« U POINT ( « I ) PO IN T (■*>

Al O l G l Jl M l
A2 02 G2 J2 M3
A ) t n G ) J ] M3
Art M 04 54 J4 18 M4
AJ [>5 05 9S JS 94 MS
At [*> 5 CS6 138 J6 S3 M6
AT □ ’ G t 75 J7 91 M7
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A I5 L>IS G I5 115 MLS
At6 O l t 016 1\6 M16

Bl FI H I K l 4 N l
B2 m 6 H2 12 K2 12 N2
B3 E l 25 K l 40 KJ 2J N3 5
B4 E4 41 H4 59 K4 36 N4 5
B5 £5 47 HS 56 KS 29 N5 T
B6 E6 53 B6 110 K6 20 N6 1
07 E? BO H7 ISO K7 11 N7 9
08 £1 12 O K 8 K l 56 N* 5
09 17 £9 51 K9 2M K9 56 N9 6

BIO 12 010 51 HLO 109 KIO 54 NIO 4
Bl 1 10 EH 46 HIL 72 K M 28 N i l
Bl 2 7 E l l 18 H l2 39 K M 7 N JJ
Bl 3 4 e h 15 HJ3 IS K13 NJ3
014 IZI4 IS HI4 6 KI4 N14
D1S t'15 5 HJ5 5 KLS NL5
BI6 r;ifi H I6 K16 Nlfi

Cl F| 4 Jl 8 L l 01
C2 F2 J4 12 20 L2 9 02
€  3 n 19 13 37 L3 20 01
C4 5 F4 48 M 56 U 22 04
CS 6 FS IS iS 56 L i IS OS 5
C6 11 F6 60 16 79 L6 14 06 4
C7 S F7 92 17 74 L7 M 07 t
C l F-l 31 1* IZ3 L l 21 0 * 3
C9 26 fri M3 19 ML L9 34 09 6

CIO 22 FlO 62 n o )6t LIO 26 OlO
CM 13 FI L 56 IN 76 LLL 10 OM
C I2 12 FI 2 40 i l l H L M 6 O M
C M 1 F l l 27 113 6 LM 013
C14 3 PI4 12 Ll 4 L I4 014
CIS FIS S 110 U S OIS
C16 Fib 116 L I6 016

(N a n : O Aracarx •miner, ► th't^Ocm of At framt tfdtt m h i** an* aid* tkaipniM)

A p p e a d h  I V (* 4 ) :  C a lc fc -c a a  d a ta  ( A a o u t  a f  w a t e r  o b t a b e d  La e a tc h -c a a a )

E a illa : JJ-NO T«a p . ( \ )  Initial. 2*3

Pnamw ( Iq t W ): 100 Final 10 0

RtylioalKw: Rt R d Hum (H )  Initial 89 0

D w Wm a Ov )' to o Final 87 3

WtodDWa NowiodfdaMdbkvi)
G R IP C A TC H G U P C a t c h G U P C a t c u G U D C A TC H GRIP C A TC H

K M M T { - 0 P O M T < -0 P O IN T P O IN T W POIN T

AL D l G l Jl Ml
A3 D2 G2 J2 M2
A J D3 G3 * Jj 4 MJ
A4 D4 4 04 23 J4 ,5 M4
AS DS 12 OS 42 JS J j MS
A6 06 23 0 6 25 J6 39 M6 4

A7 07 2B 07 10 J7 36 M? u
a- A l Dfl 7 0* 32 J l 35 MS 8

A9 09 31 09 11 J9 36 M9 9
AID OlO 36 □  10 22 JLO 40 M )0 s
A l l D l l 22 o n 44 J] 1 JB M l 1
A M 012 6 O M 35 112 24 M tJ
A M D M 013 20 11 j 11 M l J
AIA 014 014 4 ;i4 M 14
A M D M OIS 115 M M
A I6 D I6 016 116 M 16

Bl E l HI KL M
B l E2 H2 K2 N2
BJ &3 H I 8 K3 N3
04 64 II H4 16 K* N4
BS EJ 26 HS 40 KS 7 NS
B6 B6 39 H6 23 K6 23 N6
B7 £7 31 H7 9 K7 36 N7
B l ex II O H I K l 40 NS
D9 E9 16 H9 11 K? J l N9

BIO 610 37 HID 14 KlO 3y M O
B ll £11 35 H I 1 46 K M 35 N 11
B12 E M 24 HI2 2? K M 27 M 2
B l 3 £13 S K M 22 K M ■ 6 N 13
B l 4 £14 H14 4 K|4 N|4
013 BIS HIS KIS NtS
B l 6 016 H t6 KI& Nit.

C l F l I] L l O l
C l F2 12 U 02
C3 n 4 a 6 U OJ
C4 Pi 17 U 20 LA 04
CS FS 17 IS 37 LS 6 OS
C6 7 P6 36 16 33 L6 I I 06
C7 10 Fl 25 J7 I t L7 29 07
C* 9 Pt 16 11 M L I 30 OS
C9 11 P9 13 39 16 L9 >1 09

CIO I FlO 35 110 33 LIO 20 OIU
C ll 4 F l l 37 111 45 LEI 13 OM
0 2 P12 21 JM 34 LEI 012
0 3 F l 3 16 113 2D LL 3 OM
0 4 F14 J14 4 U 4 014
C IS FIS 113 LM OIS
C I6 616 116 LI6 016



Emitter | l N ( i Temp. (“c) Imlul 27 0

PrWHire (lK rcmJ). J Oil Puul: 27 0
K2 Rd Hum (H i InituJ. 9 0.3

OiMWu* (hr> I 1KJ Final- 90.0

Wind DiU No wind «Jmnt irtJtKrt)
G R ID C A T C H G R ID C A T C H c W d C A T C H G U P C A T C H G R ID C A T C H

P O IN T ( " ' I P O IN T P O IN T K K N T ( - H P O IN T f*d)

A l m G l J l M l
A 2 \ x 0 2 J? M2
A J U ) C 3 7 J 3 5 M 3
A 4 l u 0 4 36 J4 12 M 4
A 3 M a 0 5 44 J J 34 MS
A 6 G6 21 )i> 4 ] M 6 3
AT r)T L'J 0 7 9 J 7 JS M 7 7

a  ax L«f 1* G S 37 J* .12 M S 9

A9 \y* 1* 0 9 12 J9 33 M 9 5

AK* r> io JS O IO 20 JlO 42 M m 4

a h r)i i G IL 49 J i l 35 M l 1
A  L 2 1*17 G I 2 22 J I 2 23 M J 2
A l s nn o n 19 JM 10 M U
A l* 1*14 G I 4 S J I 4 M l 4
AH 1*15 G IS J I 5 M l 3
A 1 ft IMA 016 J 16 M16
BL ii l H I K l Nl
111 i :i H 2 K2 N2
[33 i ' i H 3 6 K ) N l
fH 1-4 1*4 29 K4 N4
Ft 5 LL5 J3 m as K5 6 N3
BA j:a 42 HA 22 K6 22 N6
1*7 117 U 117 12 K? 3? K7
Bx lift 14 U Ht KB 42 N®
h9 r:-* IX m U K9 35 N9

aio I" ■ CJ Jl HlO Z6 36 NIO
B ll EM U HLI 44 K M 42 N i l
Bl 2 Ill 7 26 H12 25 K12 29 N12
0 1 3 fiM HI 3 21 Kl J 14 N I J
B 14 I I * HU 5 M4 N 14
l i l  S 1' 15 H I 5 K lS N I J
lit 6 E'.IO 1116 K I 6 N16
f:i Pi 11 LJ Gl
C’2 iv2 12 L2 02
cj M 4 13 4 L3 03
04 f* 19 14 72 14 0 4
05 FS 37 15 n l.S 7 0 5
C6 5 fV, 15 ki .16 U 13 0 6
07 X h 7ft 17 17 L7 2S 0 7
CS 1 1 H 19 I t LI LS 3S O S
09 l(f i'c> 27 19 IS 19 34 0 9

0 1 0 7 f ' l u 13 no 33 LlO 16 O IO
O il ft I- 11 14 111 4« L H 12 O i l
OIJ r- 1 ? 79 112 21 L l 2 012
CM na 12 US IS L U 0 1 3
O l* 174 114 7 LI* 0 1 4
015 I'I 5 113 1,15 0 1 5
C 16 he. 116 L i6 O l t

(Nttte: <1 vLfthffro/moftiutmtM nttwanh Anputnt)

Appendix JV | i7 ):< ‘« irb -c a n  data ( A - M a t  o f w a te r obtained in c a tc h -c a u )

JjlPHtCT LJ S t. Temp Pc) InHiaT 77 0

H rcainrc  (tjr /ij-n ' 1 25 h n » l 2* 0
Replication iil Rel Hum (%> Inilial. 91.9
Dunaton (lu) 1 00 ftnaJ 90 5
Wind Del* No wind (cloud pnikum)

GUP
POINT

<’A7fH
(ml|

GRID
POIYf

< ATCll
c-rt

grid
POINT

CATCH
(-1)

GRID
POINT

CATCH GRID
POINT

CATCH

Al Ml 01 Jl Ml
A2 MJ 03 J2 M2
A* Hi 03 J 3 Ml
A4 194 G4 20 J4 M Ml
A3 1)5 13 G5 3S IS 24 M5
Aft Oft 24J G6 27 J6 IS M6 5
A7 1)7 in G7 14 J7 40 M7 12

a AS l>K 08 41 J* 39 MS 15
: AN l » IK 09 U 19 40 M9 14

AMI Olll .’ 1 tnn 27 Jlu 44 MHJ 8
All LJ 1 " 77 o n J6 J 1 1 U M il S
A1 ] Il'J 17 O l? 26 H i 22 ML.1
A ! 1 19:1 GIJ 21 Jl 3 13 Ml 1
AM 014 JM MI4
A13 W '

Gl 5 JlS Ml 5
Air. Cite, J|6 M16
Ml 1 ! il l Kl Nl
MJ I? It2 K.2 S2
ni J i H3 K3 N3
JM. i J 17 144 21 K4 9 N4
115 E'* 22 HJ 39 KS 19 \5
lift Em1, ,’ j HĈ 26 K6 r i Nft
n; 1 1 H7 12 K7 33 N7
EH III L.N IS EJ HI KB 37 NB 4
B9 4 F!'9 11 1*9 1L K9 35 N9

BIO r.m 27 HlO 26 KIO 27 NIO
BL 1 [II 22 MM jy K ll 23 N il
EIU I'I ] 2S HU 26 k i : 16 N 12
fill I'll 7 HU i a KU 7 N13
Bl* t: 14 1114 4 KM N14
Bl 5 i:i5 HU MS Nl 5
BI6 Ml 6 HI6 KI6 NI6
CJ M II LI 01
C2 F2 12 L2 02
O F.i 6 13 6 LJ 03
i'4 K4 17 14 20 L4 04
CS 4 FS 27 13 36 1-5 11 OS
Ch 10 Fft n 16 37 L6 21 06

U K7 22 17 27 1-7 23 07
CB s KS IS Jx 16 M 2J Ol
09 14 F4 19 17 L » 25 09

CIO 16 Fill 35 EIQ J7 LlO 22 ◦  10
rs i ■ FI 1 27 i l l 42 LI 1 16 O H
Ct2 K12 112 24 M2 7 012
Cl 1 FI .1 In 113 17 LU 013
Cl 4 l:M 114 4 LM 014
Cl 5 I'I 5 115 LI5 015
£'16 I' I ft 116 LJ6 016

/Wrifr. <3 i/iaiwi a- dtnt/Ui Jm't-tum <yik*̂ iIMT a / emttttf /Kt! (***!)

Emins. D-N G Temp f*t) IhlfteJ 275

Proscurc (kg/cm'). 1.00 Fuel. IBO

Replication: KJ Rd Mum \%\ Imlid 90 0

OuralKm (I r } 1 00 Final: 89 0

Win4Data' Wo wind ( t lw iJ  a d o m )

GRID
POINT

CATCH 
1—1)

c u b
PONT

CATCH
m

GRID
POWT

CATCH
1-1)

GRID
POINT

CATCH
1-1}

GRID
POINT

catch
(nl)

Al Dl Ol Jl Ml
A2 02 02 JJ M2
A3 D3 GJ J J3 5 M3
A4 L» 4 G* 2S J4 12 M4
AS DS 10 G5 40 JS 32 MS
A6 Dd 22 G6 19 J6 43 Me '’
A7 07 26 07 16 J7 3X M7 4

► Al M 10 Gl 36 IS .14 MB 5
A9 09 35 G9 14 J9 3ft M9 ft

AIO OIO 30 010 26 JlO 19 M10 4
A ll o n 19 G il aa j 1 44 Ml 1
A12 012 7 Gl 2 12 J12 22 ML2
A13 DU ◦ n 26 JU 14 Ml a
AU OU GI4 4 J14 MI4
Al 5 DI5 GIS J15 m l ;
A16 DI6 Gift J16 Mlft

81 El HJ Kl S'l
B2 E2 H2 K2 S'2
EG E3 HI 6 Kl s t
B4 SA « H4 24 k i N4
BS ES 11 H5 32 K5 9 N«
£6 Ed 44 H6 2S Kfi 20 ME'
87 E7 35 H7 10 K7 39 N7
BS E* 9 U  HS KS 'ft NN
B9 E9 as H9 s K<J 12 S9

BIO EIO 32 HlO 16 KIO *2 NIO
B ll E ll 30 in  i 41 KM 37 ME
f i l l E l l 11 H12 29 KI2 25 NIJ
a u EU 6 H1J 20 K U 14 N J]
014 E14 1114 9 K14 N14
B U B15 HIS K15 MS
016 E16 ML6 KJ6 N I6
Cl FI 11 1-1 Ol
C2 F2 12 L7 02
CS n 5 D S IJ 03
C4 P4 I t H 16 L4 04
CS FS 31 15 35 15 OS
Cfr 6 F6 34 16 SB L6 14
C7 9 Ff 21 17 14 1.7 U 07
CS S Ft 14 IS 16 LS }2 OS
C9 LO F9 2Z 19 15 1.9 in <w

CIO 7 F10 32 HO J2 l.io 72 OIO
CU 5 Fll Si 111 49 I.J1 u 01 1
cia FU 26 112 22 12 Ol?
Cl 3 FI 3 113 22 LU Ol >
CM FU 114 L.I4 O N
C15 FIS 115 MS o i;
CIS FI6 116 1,16 Gift

(Sim: O JmMiwmittor,

A ppendix  IV ( t i ) ;C * t e b -c a a  data {A m o u n t o f w a te r obtained In ca tch -ca n i)

LmiHar. D-N G Temp i’ c } Ln.;ij| 28 S

h t n n  (kg/cm*] 1.25 FiruJ y.'i r>

Replication' R2 K«l Hum (54) ini (lid '4J (1

□ur— ioa (hr): J 00 J'inal W'J :l

Wind Pat* No wind {cloud nta vx)

GRID
P O IN T

C A TC H
(* !}

GRID
P O IN T

C A TC H
( - D

g r i d
POINT

C A TC H
(-■J

g k j d

POINT
C A TC H

m i)
GRID
POINT

C 4 H  II 
ini)

A l DI 01 Jl ML
A3 D2 03 J2 M2
A3 D3 03 J) M l
A4 D4 4 04 23 J4 16 M4
A5 DS 21 U5 29 J5 7-j M5
A6 D6 16 06 36 Jft 14 Mft
A7 D7 IS 07 IS J7 M7

► A l DS 9 OS 19 IS *6 Mf,
A9 1)9 17 09 3S 19 48 M''

AIO D|0 24 G in 26 j:o 4J Min
A U H U 20 O i l 34 j n nre M l 1
A |J 012 9 G l? 22 J 12 i f| m i ;
A U D IJ G l 3 26 J l l . i M ' 1
A U 014 O U 11 J U Ml J
AL5 1)15 015 J U Ml *
A 16 016 Gift Jlft Mlft

Br EC IH Kl SI
H2 ¥2 HJ k 2 s :
03 EJ 6 IU K l S 1
B4 E4 U H4 JS K4 i ; S'4
B5 B5 17 H5 27 K l ift SS
B6 B6 26 H6 40 K* Sft
B7 6 C7 43 H7 1 K7 "> S 7
BS 6 Ld 13 f) i l l KS 32 SK
Et9 4 E9 71 H9 16 K9 2-9 ■1

BIO EIQ 29 HlO 22 KIO 2B NIO
B IJ E l l IS H U 41 K U 22 M l
BI2 E l 2 23 H I2 29 K 12 i? S 12
(it J Eta B H U ;? K i 1 S/i
0L4 EI4 HL4 K M N H
BIS GIS HIS K 15 M S
B ib E16 EH6 K 16 N|ft

C l FI 11 LI 01
C2 F3 13 L2 07
CS F3 5 a LJ 03
C4 F4 14 14 IS L4 04
C5 5 FS 29 IS 34 L.S 14 05
C6 9 Fft 36 16 39 L6 19 06
C7 El F7 21 17 26 L? 25 0?
C t 9 F t 17 IB 13 LS 20 OS
C9 32 P9 29 19 19 L9 13 09

CIO 14 FLO 33 110 39 LlO 19 016
CL 1 7 F l l 24 111 36 LI 1 IS 0(1
C l 2 FI 2 26 111 I t LI2 4 O U
c n FI 3 13 113 14 L U o n
C14 F14 114 7 L U 014
C IS Pi S HS Li 5 015
C I6 P16 H6 L I6 016

(MM; <3 OtmMtiMfimr ► dcmOtJ dinciit* ( / A f ^ n w  q/OW tm ttttf **ntrda Am  ptimi)



Brnincr D N ti T«ry> (’ c ) liunal 260
Pnwura fk^'efn'J 1.25 hni). 26.S

K#p|jCi[lt>fl Hi Rd Hum (H )  bubal 920

rKuatinn (hr) 1 00 Final: 92.0

Wind ISnLr Nftwittd indoon)

GRID
point

CATCH
|nl|

('■Kilt
r o w

CATCH
|ral)

GRID
Pourr

CATCH
(«•■!

GRID
FOWT

CATCH
(Ml)

CUD
POINT

CATCH
(nl)

Al Lll 01 ;i Ml
A2 03 J2 M3
A’ m 03 7 J3 6 M3
A4 h-i 7 04 25 14 19 M4
AS D5 IB 05 22 J5 24 MS
A6 TK] 14 06 33 J6 13 M6 11
A7 D7 11 07 19 J7 41 M7 12

a a« ds 11 Ol 14 Jl IS Ml 14
A9 i*> 1* 09 41 J9 42 M9 H)

AIO tno 77 CIO 23 J 10 39 MIO 6
AM j)i i 22 on 3) Jll 21 Mil 4
A12 o ;? 4 012 23 J 12 22 Ml 2
AI3 i)i i OlJ 21 J 13 (4 Mil
Al* Dl * 014 12 Jl* MI4
A1 *> ois gis JI5 M| 5
Al* DI6 016 J 16 MI6
111 Ll Jll Kl NI
112 L2 H2 Kl N2
\n Ei* 5 H3 7 K.3 NT
bi 1 -A 16 H4 16 K4 1* N*
BS Ri 21 US 24 KS 19 NS
ElA. lib 24 H6 15 Kti 20 N6
97 * J‘7 'W H7 12 K7 35 N7
JIM IA IK i* FU KS .14 M
R9 4 1'"? 2J H9 19 K9 26 N9 4

IJIO 1-10 77 HIO 21 KIO 23 MO
nu I'll 1 :s Hll 31 Kll 27 Ml
Fll 2 lil 2 14 HI2 26 KI2 14 M2
on F'1.1 6 HI) 15 Kll 7 NI3
Ft 1 4 EM HI* 9 Kl* NJ4
9 IS i:u KlS KlS NlS
91b CF* HI6 KE6 N16
Cl Pi TI Ll Ol
CJ P2 12 L2 02
Cl P5 7 1.1 » L3 03
c* F* H 14 14 L4 04
cs ti lr5 31 15 J2 Li 15 05
C6 P6 70 16 36 L6 15 06

, C7 1 F7 22 IT 28 L7 29 07
CH 10 FB 1 4 IS U \£ 2* 01
C9 17 F9 32 19 16 L9 22 09

CIO 16 PIP 37 no 41 LIO 16 oio
Cll 111 22 in 32 Lll 13 on
Cl 2 I'Ll 25 112 26 LI2 5 012
t i l ru 9 113 13 LI3 013
Cl* in 11* 9 Ll* 014
111 FI 5 115 LIS OIS
CJ6 FT 6 116 Llti 016

|Wiw; 0 Jin,>WMinmiitr. ► JrJwiW.l JtMPtm li/lî jbiUtr t/AtnrfnrVAnuib ikupAAt)

Appends airh-cac ti»u (Anoint of wattr obtained in taUB-eaot)

Entitle l> NU Temp [Ac) IivitijJ' 27 0

P i w u t  (It^cm'l 1.517 Final 27 0

K. (pi tc-t Lion R2 fid  Hum (%) butiil 91.0
IklfdHA flw) 1 (Ml Jrinal 90 5

WirtdOia Ni>wiihl (dosed million)
CHRJ < *Ttll URin CATCH GRID fcATTW GUD CATCH GRID CATCH
POtNT POINI i«n powr <«•) POINT m POINT

Al ni 01 JL Ml
A2 D2 02 J2 M2
A) Dl 01 9 Jl s M3
A* D* H 04 14 J* 16 M4
A5 l>5 11 05 39 J5 19 MS
A* l>> 14 G6 35 J6 41 M6 s

; D7 1* 07 24 J7 63 M7 4
► AX [HI 01 S2 71 6fl MS F3

A9 [» 12 09 IS 19 S9 M9 7
AIO DIO 16 010 47 J to 44 MIO 4
Al I Dl I 21 O i l 33 JJI 35 M l t 6
Al2 [>l 2 9 OJ 2 I t Jl 2 17 M t2
AI3 r>n O i3 20 m 9 M U
AI4 O H 014 n* 4 M14
AlS OIS GI5 j 15 MIS
Al ri Din 016 ji6 M16
HI F.l HI K l NI
H2 F7 H2 K2 N2
£33 F.l 4 H3 4 K3 N3
9* P* 11 H4 14 M 6 N4
BS 85 22 KS 42 K5 IB NJ
86 ft, 17 K6 49 K6 24 Nb
RT [•? 11 H7 20 K7 37 N7 4
III j LM 12 Q H I K » jy NB 7
R9 * Ii9 30 H9 26 K9 32 N9 5

UlO 4 810 26 KIO 31 KIO 20 NtO
OIF 1:1 1 14 h l l 45 Kll IT NI 1
Bl 2 lU ; 22 HL2 H K13 14 M 2
h i l I! 1 12 IIJ3 14 K 13 7 NI J
I)r4 til* HI* 6 K14 N U
Bl i lil 5 PUS KlS NlS
Bl (i 1:16 HI6 K16 N 16
Cl u II U 01
C2 K2 12 L2 03
Cl J'3 i 13 4 L3 03
c* 1:* 1 \ 14 15 L4 a 04
cs ii F 5 I'J 11 19 LS 6 OS
('(f 4 F:6 ht 16 42 L6 1 t 06
C7 0 n 44 17 ia LJ 19 07
f’a s I'M 14 III 36 LU 24 01
('9 i ; 1 '> *s 19 Ul [,9 35 09

CIO i r P:|M 01 110 5* LUI 14 OH>
C l I j 1: 3K H 1 42 LL F 12 O l 1
C l 2 Fll! 1 s M2 26 1.12 H 01?
C l 3 Kl i 12 113 13 1.13 I l l l
C l  4 F: M X 114 S 1.14 O H
CIS P H JU LJ5 OJS
C I6 F-16 JF6 Ur> 016

r.Vi ifc (.1 lirrh Ur* fiHtwr. ► iic»i^i- • •hrr\ tit in ttf !** sminrr frjtodi-ub iK it fit vMf}

Enittar: D-NO T « n p  f c ) Initial 26 (J

Praacuj* (L^ i(c4Tij3 ISO Final' 26 5

RqjLlcaiHm' It l ltd Hrnn (54) Ihhial 92 0

U u aidfl (1r) 100 Final' 91.0

Wind Data' Noi*iad(d«»di*l»*>
G U D C A TC H G U D C A TC H C U D C A TC H G U D C A TC H GRID c a t c h

p o p r r ( - 0 P O IN T . w  .P O IN T P O IN T m POJNT (nil

A l m 01 Jl Ml
A3 D I 02 72 M?
A3 u s 03 7 JJ 4 M’l
A4 D4 4 04 17 J4 I* M4
AS D5 13 OS 33 JS 20 MS
A6 D6 17 06 41 Jb 44 M6 t
A7 D7 16 07 27 J7 65 .517 9

a  AJ 0* S OS 41 JB 65 MS 10

A9 rw 17 09 26 J9 65 M9 10
AIO D IO II DIO 41 JIG 48 M IO 7

A ll D l l J* G i l 17 JU 14 Ml 1 s
A I2 D I2 12 012 22 Jl 2 18 M 12
AI3 DI3 G I3 17 H I 10 M L)
A I4 D U G U 6 J14 5 M 14
A lS D IS G l 5 Jl 5 MIS
A I6 □  16 G I6 JI6 M 16

Bl El HI Kt NI
B2 E2 m K l N2
B3 £3 4 H ) « K l N'[
B4 £4 12 144 17 K4 7 N4
BS ES IS HJ 39 K5 15 N5
B6 £6 23 H6 31 K6 23 N6
B7 E7 27 H7 '  23 K7 14 N7 4
B i 4 u IJ W Ha Al .IB Ntt *
B9 4 G9 33 H9 25 K9 38 N9 4

BIO 4 ElO 21 HIO 41 k id 27 SIO
Dl 1 El 1 Ll HI 1 42 K l l 19 N I 1
B l 2 El 2 20 HI 2 23 K 12 12 NI2
B l 3 £13 9 H l l 16 K l l 6 N IJ
B U £14 H U 7 Kl* NE*
BIS £15 HIS KlS SIS
B16 ElA H I6 K it N 16

C l F\ 11 Ll 01
C2 F2 12 L? 0?
C l F3 5 □ 6 U 03
C4 F4 15 1* I I 1* 4 04
C5 4 F5 18 IS 36 1.5 7 05
C6 1 P* 40 16 45 1.6 14 06
C7 7 n 42 17 39 L7 20 07
C* 4 n 17 Jl 34 I J 20 08
C9 16 P9 42 19 32 L9 20 09

CIO 13 FlO 44 110 50 LIO 16 OIO
C l l t P ll 27 111 4* Ll 1 11 01 r
C I2 PI2 J9 112 20 U 2 01?
C IS PIS 16 H3 1* 1.13 013
C U F U 4 II* 6 1.14 014
C IS FIS 115 1.11 OIS
C I6 PI6 JI6 L16 016

fJHoH: 0 dlffwttJtwttir,

A p p c o d li ]  V<T1): C atcb -c sa  data {A n o o o t  o f w afer obtained Jn eN4?h-rja*)

Emitter D-N O Temp f t ) Ixt'iaJ 275
Prcuun (kf/uo1) 150 Pm*J 21 5

lUpltcadofi U Ktl Hum |V») initial' 900

Ourlban (It ): too FiJtd 9U 0

W in JO a ta  No wind (doted indoori |

G U D
r o w

C A TC H
|nl)

G U D
P O IN T

C A TC H
<■4

G U D
P O IN T

C a t c h

( - 1

GJUD
P O W

C A T O I
W )

G U D
r o w

C A TC H
!••*>

A l D l G l Jl M l
A J D2 02 J7 M2
A l £>3 03 4 Jl 7 M l
A4 IW ti 04 15 J4 21 M4
AS OS 9 G5 42 Ji 16 M.S
A6 136 13 06 11 Jb 44 Mb S
A7 D T 16 07 27 J7 62 M7 s

a  A l D t II 0 1 59 Jl 54 M l 1*
A9 D9 I I 09 22 J9 56 M9 Ti

A id 010 14 G lO 51 JUS 39 MIO K
A l l D l l 13 O i l JB J 1 41 M l 1 9
A I2 012 10 012 16 J 12 19 m ;?
AlS D l ] G i l 13 J 13 7 M13
A U D|4 a u t Jl* 5 Ml*
AlS D IS o n n s M il
A16 D l* 016 ji6 M I6

Bl £1 HI Kl V I
£2 E2 H2 K2 v ;
B l ES / 5 H3 5 K l N'l
JU £4 17 K4 16 X* 7 N*
BS ES 14 KS 41 KS 14 NS.
B6 B6 16 H6 51 K6 N6
B7 CT 25 H7 34 K7 19 S i
B i 4 E l U O  MS k* 16 Nfl 1
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For the Kruskal-Wallis test, the values of a variable are transformed to ranks 
(ignoring group membership) to test that there is no shift in the center of the 
groups (that is, the centers do not differ). This is the nonparametric analog of a 
one-way analysis of variance.

Analysis of em itters - L O W  pressure  group

Categorical values encountered during processing are,
EMITTER (3 levels): ALBL, D-BR, D-NG

1. Dependent variable : CUC
Grouping variable :______ EMITTER

Group Count Rank Sum
ALBL 9 90.5
D-BR 9 90.0
D-NG 9 197.5

Kruskal-Wallis Test Statistic = 13.533
Probability is 0.001 assuming Chi-square distribution with 2 df

The test rejects the hypothesis that there is no shift in the center o f  the groups 
(that is, the centers o f  the values o f  CUC differ significantly).

2. Dependent variable : COV
Grouping variable :______ EMITTER________________

Group Count Rank Sum
ALBL 9 166.0
D-BR 9 162.0
D-NG 9 50.0

Kruskal-Wallis Test Statistic = 15.295
Probability is 0,000 assuming Chi-square distribution with 2 df

The test rejects the hypothesis that there is no shift in the center o f  the groups 
(that is, the centers o f  the values o f  COV differ significantly).

3. Dependent variable : DC
Grouping variable :______ EMITTER________________

Group Count Rank Sum
ALBL 9 75.0
D-BR ' 9 138.0
D-NG 9 165.0

Kruskal-Wallis Test Statistic = 7.528
Probability is 0.023 assuming Chi-square distribution with 2 df



4. Dependent variable : MAX%
Grouping variable :______ EMITTER

Group Count Rank Sum
ALBL 9 127.000
D-BR 9 191.000
D-NG 9 60.000

Kruskal-Wallis Test Statistic = 15.136
Probability is 0.001 assuming Chi-square distribution with 2 df

The test rejects the hypothesis that there is no shift in the center o f  the groups 
(that is, the centers o f  the values ofM AX% differ significantly).

Analysis of emitters - MEDIUM pressure group

Categorical values encountered during processing are, 
EMITTER (5 levels): ALGR, JNBK, JNBL, JNGR, JNWH

1. Dependent variable ; CUC
Grouping variable :______ EMITTER

Group Count Rank Sum
ALGR 9 295.5
JNBK 9 91.5
JNBL 9 195.0
JNGR 9 217.0
JNWH 9 236.0

Kruskal-Wallis Test Statistic = 14.338
Probability is 0.006 assuming Chi-square distribution with 4 df

The test rejects the hypothesis that there is no shift in the center o f  the groups 
(that is, the centers o f  the values o f  CUC differ significantly).

2. Dependent variable : COV
Grouping variable :______ EMITTER_______________

Group Count Rank Sum
ALGR 9 136.5
JNBK 9 269.5
JNBL 9 239.5
JNGR 9 212.5
JNWH 9 177.0

Kruskal-Wallis Test Statistic = 6.998
Probability is 0.136 assuming Chi-square distribution with 4 d f



3. Dependent variable : DC
Grouping variable : EMITTER

Group Count Rank Sum
ALGR 9 183.5
JNBK 9 222,0
JNBL 9 281.5
JNGR 9 185.0
JNWH 9 163.0

Kruskal-Wallis Test Statistic = 5.636
Probability is 0.228 assuming Chi-square distribution with 4 d f

The test rejects the hypothesis that there is no shift in the center o f  the groups 
(that is, there is significant difference between centers o f  the values o f  DC).

4. Dependent variable : MAX%
Grouping variable :______ EMITTER

Group Count Rank Sum
ALGR 9 244.5
JNBK 9 121.0
JNBL 9 217.5
JNGR 9 246.0
JNWH 9 206.0

Kruskal-Wallis Test Statistic = 6.723
Probability is 0.151 assuming Chi-square distribution with 4 df

The test rejects the hypothesis that there is no shift in the center o f  the groups 
(that is, the centers o f  the values o f  MAX% differ significantly).

Analysis of emitters - HIGH pressure group

Categorical values encountered during processing are,
EMITTER (2 levels): ALRD, D-LG

The procedure o f  the analysis was not suitable for this group since the number o f  
levels o f  categorical values (EMITTER) were only 2. The test generally fails 
since the degree o f  freedom reduces to 1. But the Chi-square approximation 
suggests that in all the four tests, the centre of the values o f  the dependent 
variables (CUC, COV, DC and MAX%) do differ significantly, corresponding to 
the categorical values.



Analysis of  all the emitters tested

Since two of the emitters couldn’t be analysed with the Kruskal-Wallis test, the 
procedure was repeated for all the emitters (including ALRD and D-LG of the 
HIGH pressure group) tested in the present study, to investigate whether the 
hypothesis: centre o f  the values of the parameters used to describe the 
performance o f  the various emitters equal, is accepted,

Kruskal-Wallis One-Wav Analysis o f  Variance for 90 cases 
Categorical values encountered during processing are,
EMITTER (10 levels): ALBL, ALGR, ALRD, D-BR, D-LG, D-NG,

JNBK, JNBL, JNGR, JNWH

1. Dependent variable : CUC
Grouping variable :______ EMITTER

Group Count Rank Sum
ALBL 9 527.5
ALGR 9 434.5
ALRD 9 651.0
D-BR 9 550.0
D-LG 9 54.0
D-NG 9 746.5
JNBK 9 164.5
JNBL 9 318.5
JNGR 9 312.0
JNWH 9 336.5

Kruskal-Wallis Test Statistic = 67.682
Probability is 0.000 assuming Chi-square distribution with 9 d f  

"The hypothesis is rejected"

2. Dependent variable : COV
Grouping variable :______ EMITTER

Group Count Rank Sum
ALBL 9 306.0
ALGR 9 383.5
ALRD 9 268.5
D-BR 9 247.5
D-LG 9 764.0
D-NG 9 51.0
JNBK 9 581.5
JNBL 9 535.5
JNGR 9 511.5
JNWH 0 446.0

Kruskal-Wallis Test Statistic = 60.060
Probability is 0.000 assuming Chi-square distribution with 9 d f  

“The hypothesis is rejected"



3. Dependent variable : DC
Grouping variable : EMITTER

Group Count Rank Sum
ALBL 9 494.0
ALGR 9 354.0
ALRD 9 619.0
D-BR 9 639.0
D-LG 9 90.5
D-NG 9 696.0
JNBK 9 186.5
JNBL 9 354.0
JNGR 9 358.0
JNWH 9 304.0

Kruskal-Wallis Test Statistic = 58.168
Probability is 0.000 assuming Chi-square distribution with 9 d f  

"The hypothesis is rejected"

4. Dependent variable : MAX%
Grouping variable : EM ITTER

Group Count Rank Sum
ALBL 9 249.5
ALGR 9 439.5
ALRD 9 234.0
D-BR 9 437.5
D-LG 9 722.0
D-NG 9 68.5
JNBK 9 506.0
JNBL 9 593.0
JNGR 9 447.5
JNWH 9 397.5

Kruskal-Wallis Test Statistic = 51.546
Probability is 0.000 assuming Chi-square distribution with 9 df 

"The hypothesis is rejected"

The results of the tests given above clearly show that the performance o f  the 
emitters tested during the present study differ considerably among themselves. So 
it became necessary that some method or procedure should be adopted to identify 
the relative performance of the emitters; rather the emitters should be graded 
from SUPERIOR to the SECOND-RATED.
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Emitter Pressure
(kg/cm1)

Uniformity Coefficient. CUC 
HI R2 R3 kl

Ranks
k2 k3

Sum of
CUCs

Rank of
CUC sum

Total 
CUC sum

RANK

ALBL 1.00 49.2 42.7 38.0 3 4.5 6.5 129.9 5 310.4 4
1.25 33.9 28.1 24.3 12 17 18 86.3 17
1.50 38.7 29.5 26.0 8 14 17 94.2 13

ALGR 1.00 36.4 38.4 38.0 11 7 6.5 112.8 8 271.8 5
1.50 29.3 28.2 29.6 17 16 14 87.1 16
2.00 27.2 24.3 20.4 18 19 23 71.9 19

ALRD 1.50 46.7 47,3 46.8 4 3 3 140.8 3 368.8 2
2.00 43.8 42.7 40.3 5 4.5 4 126.8 6
2.50 33.6 34.2 33.4 13.5 11 11 101.2 11

JNBK 1.00 19.9 17.2 10.7 27 27 29 47,8 28 174.3 9
1.50 25.9 21.7 16.5 19 22 27 64.1 24
2.00 21.9 22.2 18.3 25 21 25 62.4 25

JNGR 1.00 32.6 31.4 27.3 15 13 15 91.3 15 227.8 8
1.50 23.6 23.2 22.9 23 20 19 69.7 20
2.00 24.1 21.5 21.2 22 23 22 66.8 22

JNWH 1.00 33.6 28.7 29.8 13.5 15 13 92.1 14 233.7 7
1.50 24.8 24.7 26.8 20 18 16 76.3 18
2.00 22.7 20.6 22.0 24 24 21 65.3 23

JNBL 1.00 38.0 36.3 37.4 9 10 8 111.7 9 237.0 6
1.50 24.2 20.1 22.6 21 25 20 66.9 21
2.00 20.3 18.2 19.9 26 26 24 58.4 26

D-NG 1.00 50.8 49.1 49.2 2 2 2 149.1 1 432.5 I
1.25 54.9 54.5 38,3 1 1 5 147,7 2
1.50 41.3 39.3 55,1 6 6 1 135,7 4

D-LG 1.50 7.5 7.8 7,3 30 30 30 22,6 30 106.1 10
2.00 12.2 10.2 11.5 29 29 28 33.9 29
2.50 17.6 14.5 17.5 28 28 26 49.6 27

D-BR 1.00 37.7 36.7 36.6 10 9 10 111.0 10 319.2 3
1.25 39.2 37.2 37.2 7 8 9 113.6 7
1.50 32.5 31.6 30.5 16 12 12 94.6 12









Appendix VIII: A rea of the distribution pattern at specified levels of Da
(Area of distribution pattern between specified contour levels, in cm2)

Emitter Pressure Da MAX% Area corresponding to contour level range
10-50 50-100 100 - 200 >200

ALBL 1.00 0.13 287 68644 55613 61272 21540
1.25 0.16 348 71883 52984 56082 26400
1.50 0.18 324 74510 50108 50069 26271

ALGR 1.00 0.17 343 66525 62837 62573 18897
1.50 0.2 475 89524 55753 56521 35149
2.00 0.21 655 105369 60778 54476 36928

ALRD 1.50 0.4 432 67003 67755 104662 17611
2.00 0.34 318 96437 98117 103912 40060
2.50 0.31 390 121672 112824 87491 58846

JNBK 1.00 0.14 481 101999 49243 32616 32649
1.50 0.16 468 106015 59575 36612 33927
2.00 0.16 509 114359 56471 47750 35148

JNGR 1.00 0.14 389 77278 61394 38066 26420
1.50 0.16 574 92008 56692 33718 34549
2.00 0.17 468 92694 44203 33516 32927

JNWH 1.00 0.18 297 67624 44056 53647 27974
1.50 0.17 514 111400 56377 52440 39500
2.00 0.18 536 111540 55316 45402 38542

JNBL 1.00 0.19 497 150335 161154 96599 52133
1.50 0.21 571 245866 125374 108206 72894
2.00 0.23 623 220433 118999 129118 83789

D-NG 1.00 0.18 207 111345 123709 146879 25
1.25 0.14 216 106634 119778 193995 2397
1.50 0.14 316 140569 117684 138370 39814

D-LG 1.50 0.53 691 45363 45565 27528 21452
2.00 0.51 703 40277 22824 50418 19918
2.50 0.54 633 50973 26427 49355 21403

D-BR 1.00 0.16 427 126632 207290 65601 71113
1.25 0.16 584 137978 211812 82946 71229
1.50 0.17 476 169187 196234 81492 88285
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Abstract

Several micro-irrigation emitters were evaluated for their individual 

performance and were compared among themselves on the basis o f different 

performance parameters, and the results were used to analyse the credibility of 

the claim o f the manufacturers. The emitters were tested for their quality o f the 

workmanship, uniformity o f  flow rate and for their distribution performance, 

A total o f  thirty micro-sprinklers (ten models in three replications) were 

evaluated. The distribution performance o f  each o f  the devices was described 

by different performance parameters. The performance parameters used for 

this purpose were uniformity coefficient, coefficient o f  variation, distribution 

characteristic etc. The distribution patterns (densograms) were drawn and 

carefully studied to analyse the nature o f distribution performance o f the 

emitters. The values o f the performance parameters were used to grade the 

devices using different statistical and ranking tools. It is generally concluded 

that only the manufacturer data should not be taken into consideration while 

selecting the irrigation devices and from the fanners’ point o f  view it is safer 

to depend more on the technical information resulting from scientific 

investigations.




