PRINCIPLES AND
MANAGEMENT OF CLOGGING
IN MICRO IRRIGATION



© 2016 Apple Academic Press, Inc.



Innovations and Challenges in Micro Irrigation

VOLUME 1

PRINCIPLES AND
MANAGEMENT OF CLOGGING
IN MICRO IRRIGATION

Edited by
Megh R. Goyal, PhD, PE, Vishal K. Chavan, and Vinod K. Tripathi

APPLE
ACADEMIC
PRESS

AAP

© 2016 Apple Academic Press, Inc.



CRC Press Apple Academic Press, Inc

Taylor & Francis Group 3333 Mistwell Crescent
6000 Broken Sound Parkway NW, Suite 300 Oakville, ON L6L 0A2
Boca Raton, FL 33487-2742 Canada

© 2016 by Apple Academic Press, Inc.
Exclusive worldwide distribution by CRC Press an imprint of Taylor & Francis Group, an Informa
business

No claim to original U.S. Government works
Version Date: 20150908

International Standard Book Number-13: 978-1-77188-278-1 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher cannot
assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication
and apologize to copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a photo-
copy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

For information about Apple Academic Press product
http://www.appleacademicpress.com

© 2016 Apple Academic Press, Inc.



CONTENTS

List Of CORFIDULOFS ..ot vii
LiSt Of ADDFEVIALIONS ..ot ix
List Of SYMDBOIS ..o xi
Preface by Megh R. GOYAL ............c.cccocoueviiciiiiiieiieieeeeeeee e xv
Warning/DiSCIAIMET ..............c..ccociioeiiiieiieeee et Xix
Other Books on Micro Irrigation Technology from AAP ............................. Xxi
About Senior Editor-in-CRief ..............ccccomoiiiiniiiiiiieeiieeeee e Xxxiii
ABOUL COCAILOFS ...ttt XXXV
BOOK REVIEWS ...t XXVii

PART I : PRINCIPLES OF CLOGGING

1. Principles of Chloration and Acidification 3
Megh R. Goyal

2. Emitter Clogging: Principles, Practices, and Management..........cc.cceueeee 31
Vishal K. Chavan, S. K. Deshmukh, and M. B. Nagdeve
PART II: MANAGEMENT OF EMITTER CLOGGING

3. Incidence of Clogging under Surface and Subsurface Drip Irrigation
with Groundwater 75

Vinod Kumar Tripathi

4. Challenges in Clogging under Subsurface Drip Irrigation:
South Africa 89

Felix B. Reinders

5. Performance Characteristics of Micro Sprinkler 107
V. G. Nimkale, S. R. Bhakar, H. K. Mittal, and B. Upadhyay

6. Efficiency of Acidification for Unclogging of Emitters ..........ccceeeeevurneee 171
Pawar Pramad Suresh and S. J. Supekar
Appendices 237
Index 259

© 2016 Apple Academic Press, Inc.



© 2016 Apple Academic Press, Inc.



LIST OF CONTRIBUTORS

S. R. Bhakar, PhD
Associate Professor, Department of Soil & Water Engineering, College of Technology and Agricultural
Engineering, Udaipur, Rajasthan, India.

Vishal Keshavrao Chavan, PhD
Assistant Professor and Senior Research Fellow in SWE, Agriculture University, Akola, Maharashtra,
India. Website: www.pdkv.ac.in; Email: vchavan2@gmail.com

Santosh K. Deshmukh, PhD

Chief Coordinator, Sustainability (Jalgaon Area, India Environmental Services), Jain Irrigation Sys-
tems Ltd, Jain Plastic Park, N.H. No. 6, Bambhori, Jalgaon 425001, Maharashtra, India. Tel: +91-257-
2258011, Fax: +91-257-2258111. Website: www.jains.com, Email: jisl@jains.com.

Megh R. Goyal, PhD, PE

Retired Professor in Agricultural and Biomedical Engineering from General Engineering Department,
University of Puerto Rico, Mayaguez Campus; and Senior Technical Editor-in-Chief in Agriculture Sci-
ences and Biomedical Engineering, Apple Academic Press Inc., PO Box 86, Rincon, PR 00677, USA.
Email: goyalmegh@gmail.com

A. M. Michael, PhD
Former Professor/Director, Water Technology Center, IARI; Ex-Vice-Chancellor, Kerala Agricultural
University, Trichur, Kerala, India.

H. K. Mittal, PhD
Associate Professor, Department of Soil & Water Engineering, College of Technology and Agricultural
Engineering, Udaipur, Rajasthan, India

Miguel A. Muiioz-Muiioz, PhD
Ex-President of University of Puerto Rico, University of Puerto Rico, Mayaguez Campus, College of

Agriculture Sciences, Call Box 9000, Mayagiiez, PR 00681-9000, USA. Tel: +1-787-265-3871. Email:
miguel.munoz3@upr.edu

M. B. Nagdeve, PhD

Email: nagdeve@lycos.com

V. G. Nimkale, M Tech
Department of Soil & Water Engineering, College of Technology and Agricultural Engineering, Udaipur,
Rajasthan, India. Email: vinodnimkale@gmail.com

Felix B. Reinders, PhD

Agricultural Research Council, Institute for Agricultural Engineering, Pretoria, South Africa, Private Bag
X519, Silverton 0127, South Africa. Email: reindersf@arc.agric.za

S. J., Supekar, PhD

Professor, Department of Irrigation and Drainage Engineering, College of Agricultural Engineering and
Technology, Marathwada Krishi Vidyapeeth, Parbhani 431402, (MS) India.

© 2016 Apple Academic Press, Inc.



viii List of Contributors

Pawar Pramod Suresh, M Tech
Rural Development Officer, Indian Overseas Bank, Pohegaon, Dist. Ahmednagar, Maharashtra, India.
Tel: +91-9503759312. Email: talegaonbr@mumnsco.iobnet.co.in

Vinod Kumar Tripathi, PhD

Assistant Professor, Center for Water Engineering & Management, Central University of Jharkhand,
Ratu-Loharghat road, Brambe, Ranchi, Jharkhand, 835205-India. Tel: +918987661439. Email: tripathi-
wtcer@gmail.com

B. Upadhyay, PhD
Associate Professor, Department of Soil & Water Engineering, College of Technology and Agricultural
Engineering, Udaipur, Rajasthan, India.

© 2016 Apple Academic Press, Inc.



LIST OF ABBREVIATIONS

ASABE
DIS
DOY
EPAN
ET
ETc
FAO
FC
FUE
gpm
ISAE
ke

kg

Kp
Ips
Iph
msl
PE
PET
pH
PM
ppm
psi
PVC
PWP
RA
RH
RMAX
RMIN
RMSE
RS
SAR
SDI
SW

© 2016 Apple Academic Press, Inc.

dry weight basis

American Society of Agricultural and Biological Engineers
drip irrigation system

day of the year

pan evaporation

evapotranspiration

crop evapotranspiration

Food and Agricultural Organization, Rome
field capacity

fertilizers use efficiency

gallons per minute

Indian Society of Agricultural Engineers
crop coefficient

kilograms

pan coefficient

liters per second

liter per hour

mean sea level

polyethylene

potential evapotranspiration
acidity/alkalinity measurement scale
Penman—Monteith

one part per million

pounds per square inch

polyvinyl chloride

permanent wilting point
extraterrestrial radiation

relative humidity

maximum relative humidity
minimum relative humidity

root mean squared error

solar radiation

sodium absorption rate

subsurface drip irrigation

saline water



SWB
TE
TEW
TMAX
TMIN
TR
TSS
TUE
ucC
USDA
USDA-SCS
WSEE
WUE

© 2016 Apple Academic Press, Inc.

List of Abbreviations

soil water balance

transpiration efficiency

total evaporable water

maximum temperature

minimum temperature
temperature range

total soluble solids

transpiration use efficiency
uniformity coefficient

U.S. Department of Agriculture
U.S. Department of Agriculture-Soil Conservation Service
weighed standard error of estimate
water use efficiency



LIST OF SYMBOLS

pan

ER

e—e,
ET
ETa
ETc
ET,

cross-sectional flow area (L?)

available water (© , %)

specific heat capacity of air (J/(g-°C))

coefficient of variation

accumulative intake rate (mm/min)

depth of effective root zone

depth of irrigation water (mm)

slope of the vapor pressure curve (kPa°C)

vapor pressure, (kPa)

actual vapor pressure (kPa)

evapotranspiration rate (g/(m?s))

cumulative class A pan evaporation for 2 consecutive days (mm)
irrigation system efficiency

irrigation efficiency of drip system

pan evaporation as measured by Class-A pan evaporimeter (mm/
day)

saturation vapor pressure (kPa)

class A pan evaporation

cumulative effective rainfall for corresponding 2 days (mm)
saturation vapor pressure (kPa)

vapor pressure deficit (kPa)

evapotranspiration rate (mm/year)

reference ET, in the same water evaporation units as Ra
crop-evapotranspiration (mm/day)

the reference evapotranspiration obtained using the Penman—Mon-
teith method (mm/day)

the pan evaporation-derived evapotranspiration

emission uniformity

flow rate of the system (GPM)

field capacity (v/v, %)

soil heat flux at land surface (W/m?)

the plant canopy height (m)

© 2016 Apple Academic Press, Inc.



xii

List of Symbols

the soil water pressure head (L)

the infiltration rate at time ¢ (mm/min)

injection rate, GPH

irrigation

the unsaturated hydraulic conductivity (LT )

crop coefficient

crop coefficient for bearing “Kinnow” plant

Pan factor

Pan coefficient

number of emitters

percentage of chlorine in the solution*

atmospheric pressure (Pa)

permanent wilting point (O %)

flow rate (gpm)

the mean emitter discharges of each lateral (L h'')
rainfall

aerodynamic resistance (s m')

extraterrestrial radiation, in the same water evaporation units as ETa
effective rainfall depth (mm)

individual rain gauge reading (mm)

net radiation at the crop surface (MJ m™' day ')
incoming solar radiation on land surface, in the same water evapo-
ration units as ETa

surface runoff

the bulk surface resistance (s m™)

the sink term accounting for root water uptake (T')
the effective saturation

plant-to-plant spacing (m)

row-to-row spacing (m)

statistical uniformity (%)

water stress integral (MPa day)

the time that water is on the surface of the soil (min)
time (h)

volume of water required (liter/day/plant)

irrigation volume applied in each irrigation (L tree™)
the plant canopy volume (m?)

the canopy width

fractional wetted area

the vertical coordinate positive downward (L)

© 2016 Apple Academic Press, Inc.



List of Symbols xiii

a it is related to the inverse of a characteristic pore radius (L)
y the psychrometric constant (kPa°C™)

0 volumetric soil water content (L*L?)

0(h)  the soil water retention (L°L")

or the residual water content (L*L?)

0 the saturated water content (L*L"?)

0., a volumetric moisture content (cm*/cm?)

A latent heat of vaporization (MJ kg™')

AE latent heat flux (W/mo)

pa mean air density at constant pressure (kg m~)

© 2016 Apple Academic Press, Inc.



© 2016 Apple Academic Press, Inc.



PREFACE BY MEGH R. GOYAL

Due to increased agricultural production, irrigated land has increased in the arid
and subhumid zones around the world. Agriculture has started to compete for water
use with industries, municipalities, and other sectors. This increasing demand along
with increments in water and energy costs have made it necessary to develop new
technologies for the adequate management of water. The intelligent use of water for
crops requires understanding of evapotranspiration processes and use of efficient
irrigation methods.

Every day, news on water scarcity appear throughout the world indicating that
government agencies at central/state/local level, research and educational institu-
tions, industry, sellers, and others are aware of the urgent need to adopt micro ir-
rigation technology that can have an irrigation efficiency up to 90% compared with
30-40% for the conventional gravity irrigation systems. I stress the urgent need to
implement micro irrigation systems in water scarcity regions.

Irrigation has been a central feature of agriculture since the start of civiliza-
tion and the basis of the economy and society of numerous societies throughout
the world. Among all irrigation systems, micro irrigation has the highest irrigation
efficiency and is the most efficient. Micro irrigation is sustainable and is one of the
best management practices. The water crisis is getting worse throughout the world,
including Middle East and Puerto Rico where I live. We can therefore conclude that
the problem of water scarcity is rampant globally, creating the urgent need for water
conservation. The use of micro irrigation systems is expected to result in water sav-
ings and increased crop yields in terms of volume and quality. The other important
benefits of using micro irrigation systems include expansion in the area under irriga-
tion, water conservation, optimum use of fertilizers and chemicals through water,
and decreased labor costs, among others. The worldwide population is increasing
at a rapid rate, and it is imperative that food supply keeps pace with this increasing
population.

Micro irrigation, also known as trickle irrigation or drip irrigation or localized
irrigation or high-frequency or pressurized irrigation, is an irrigation method that
saves water and fertilizer by allowing water to drip slowly to the roots of plants,
either onto the soil surface or directly onto the root zone, through a network of
valves, pipes, tubing, and emitters. It is done through narrow tubes that deliver wa-
ter directly to the base of the plant. It allows controlled delivery of water directly to
individual plants and can be installed on the soil surface or subsurface. Micro irriga-
tion systems are often used for farms and large gardens, but are equally effective in
the home garden or even for houseplants or lawns.
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XVi Preface

Water and fertigation management are important practices for the success of
drip, micro, or trickle irrigation. Water management is the activity of planning, de-
veloping, distributing, and using water resources in an optimum way under defined
water policies and regulations. It includes management of water treatment of drink-
ing water or industrial water; sewage or wastewater; management of water resources
in agriculture; management of flood protection; management of irrigation; manage-
ment of the water table; and management of drainage.

A formidable obstacle to the successful operation of the system over its intended
life of service is clogging of emitters. High water application uniformity is one of
the significant advantages that a properly designed and maintained drip system can
offer over other methods of irrigation. In many cases, the yield of crops may be
directly related to the uniformity of water application. Partial or complete clogging
drastically affects water application uniformity and, hence, may put a complete sys-
tem out of operation, causing heavy loss to the crop and damage to the system itself.
Thus, emitter clogging can nullify all the advantages of drip irrigation.

Since drip irrigation is expensive, its longevity must be maximized to assure a
favorable benefit—cost ratio. If emitters get clogged in a short time after their instal-
lation, reclamation procedures to correct clogging increase maintenance cost and
unfortunately may not be permanent. Clogging problems often discourage opera-
tors and consequently cause them to abandon the system and return to less efficient
methods of irrigation.

Emitter clogging is directly related to the quality of irrigation water. Large quan-
tities of irrigation water are obtained from underground sources. Since calcareous
formations are considered to be good aquifers, water pumped from wells in these
areas is generally rich in calcium carbonate and bicarbonate. Similar enrichment
of water occurs as it comes in contact with other minerals, but dissolution and pre-
cipitation of calcium carbonates is most common. Precipitation of calcium carbon-
ates may occur through the drip system, but the problem is most acute when it
occurs within the narrow passages of the emitters or at the outlets. Fertilizers added
to irrigation water greatly change the precipitation properties of the water if it is
calcareous. Mineral precipitates (often seen as scale deposits), algae, and bacteria
clog drip emitters. Clogged emitters result in variable distribution during irrigation
and uneven fertilizer application during fertigation and thus hinder uniform crop
development, reduce yield, and jeopardize quality. For growers to effectively use
drip technology, they must prevent clogging of drip emitters. In this book, authors
discuss innovations to alleviate problems of emitter clogging.

The mission of this compendium is to serve as a reference manual for graduate
and undergraduate students of agricultural, biological, and civil engineering; horti-
culture; soil science; crop science; and agronomy. I hope that it will be a valuable
reference for professionals that work with micro irrigation, wastewater, and water
management, and for professional training institutes, technical agricultural centers,
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Preface xvii

irrigation centers, agricultural extension service, and other agencies that work with
micro irrigation programs.

After getting response from international readers for my first textbook on drip/
trickle or micro irrigation management by Apple Academic Press Inc., they have
published for the world community this 10-volume series on Research Advances in
Sustainable Micro Irrigation, edited by Megh R. Goyal. These 10 volumes are sum-
marized at weblink appleacademicpress.com.

Volume 1 is the first volume of the series /nnovations and Challenges in Micro
Irrigation. This series is a must for those interested in irrigation planning and man-
agement, namely, researchers, scientists, educators, and students.

The contributions by the contributing authors have been most valuable in the
compilation of this book. Their names are mentioned in each chapter and in the
list of contributors. This book would not have been written without the valuable
cooperation of these investigators, many of whom are renowned scientists who have
worked in the field of micro irrigation throughout their professional careers.

I would like to thank editorial staff, Sandy Jones Sickels, Vice-President, and
Ashish Kumar, Publisher and President at Apple Academic Press, Inc., for publish-
ing this book when the diminishing water resources is a major issue worldwide. Spe-
cial thanks are due to the AAP Production Staff for typesetting the entire manuscript
and for the quality production of this book.

I express my deep admiration to my wife, Subhadra D Goyal, and my family for
understanding and collaborating during the preparation of this book. With my whole
heart and best affection, I dedicate this book to my father Late Shri Babu Ram Hira
Lal, who was instrumental in shaping my life. My grandparents died when my father
was 2 years old, and thereafter he was raised by his eldest sister. Later during his
youth, he entered into a family business with his brother-in-law (Late Shri Mangoo
Ram), who was among top three richest business men in the city of Sangrur (India).
I remember that my father was treated as a slave by his master, and that led us to
extreme poverty, eating only three meals a week (at least I). We were liberated from
slavery when I was in seventh grade. Soon we bought an animal shelter house that
was restored for human living with my carpentry skills. I inherited many qualities
from my father: love of God and your family, neighbor, and country; do not harm
anyone; never steal the property of others; always work with vocation and full speed
without complaint; never expect any recognition; and work for others and the coun-
try. With greatest respect and honor, I salute to the humbleness, honesty, devotion,
and vocation of my father. When my mind felt clogged with garbage, his patience
was able to unclog it. I narrate a dream with him: Two days before his heavenly de-
parture, he took me to all the religious places in Himalayas until we said good-bye
(in a dream) to one another at the end of the earth. His memories have marked my
heart, soul, and spirit.
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Xviii Preface

As an educator, there is a piece of advice to one and all in the world: Permit
that our Almighty God, our Creator and excellent Teacher, irrigate the life with His
Grace of rain trickle by trickle, because our life must continue trickling on... and
never permit that our mind is clogged with futile things and garbage.

— Megh R. Goyal, PhD, PE, Senior Editor-in-Chief
June 30, 2015

© 2016 Apple Academic Press, Inc.



WARNING/DISCLAIMER

The goal of this compendium, Principles and Management of Clogging in Micro
Irrigation, is to guide the world community on how to manage efficiently for eco-
nomical crop production. The reader must be aware that dedication, commitment,
honesty, and sincerity are the most important factors in a dynamic manner for com-
plete success. This reference is not intended for a one-time reading; we advise you
to consult it frequently. To err is human. However, we must do our best. Always,
there is a place for learning from new experiences.

The editor, the contributing authors, the publisher, and the printer have made ev-
ery effort to make this book as complete and as accurate as possible. However, there
still may be grammatical errors or mistakes in the content or typography. Therefore,
the contents in this book should be considered as a general guide and not a complete
solution to address any specific situation in irrigation. For example, one size of irri-
gation pump does not fit all sizes of agricultural land and will not work for all crops.

The editor, the contributing authors, the publisher, and the printer shall have
neither liability nor responsibility to any person, organization, or entity with respect
to any loss or damage caused, or alleged to have caused, directly or indirectly, by
information or advice contained in this book. Therefore, the purchaser/reader must
assume full responsibility for the use of the book or the information therein.

The mention of commercial brands and trade names are only for technical pur-
poses and does not imply endorsement. The editor, contributing authors, educational
institutions, and the publisher do not have any preference for a particular product.

All weblinks that are mentioned in this book were active on June 30, 2015. The
editors, the contributing authors, the publisher, and the printing company shall have
neither liability nor responsibility if any of the weblinks are inactive at the time of
reading of this book.
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4 Principles and Management of Clogging in Micro Irrigation

1.1  INTRODUCTION

During recent years, the application of chemicals through drip irrigation
was adopted. Thus, new technical terms such as chemigation, chloration,
pestigation, insectigation, fungigation, nemagation, and herbigation were
defined." The term chemigation was adopted to include the application of
chemicals through irrigation systems. Chemigation offers the following eco-
nomic advantages compared with other conventional methods?:

1. Provides uniformity in the application of chemicals allowing the distribu-
tion of these in small quantities during the growing season when and where
these are needed.

2. Reduces soil compaction and the chemical damage to the crop.

3. Reduces the quantity of chemicals used in the crop and the health hazards
and risks during the application.

4. Reduces pollution of the environment.

5. Reduces the costs of manual labor, equipment, and energy.

If the chemical analysis shows a high concentration of salts, it can cause clog-
ging problems.* Therefore, it is recommended to avoid the use of chemicals that
can cause precipitates. For a better efficiency in application, the chemicals should
be distributed uniformly around the plants. The uniformity of chemical distribution
depends on:

1. the efficiency of the mixture,

2. the uniformity of the water application,

3. the characteristics of the flow,

4. the elements or chemical compounds that are present in the soil.

1.2 CHEMICAL INJECTION METHODS*>”

1.2.1 SELECTION OF A PUMP FOR THE INJECTION OF A
CHEMICAL SUBSTANCE

While selecting an injection pump, one must consider the parts that will be in direct
contact with the chemical substances. These parts must be of stainless steel or of
a material that is corrosion resistant. The injection method consists of basic com-
ponents such as pump, pressure regulator, gate valve, pressure gauge, connecting
tubes, check valve, and chemigation tank. The injection pump should be precise,
easy to adjust for different degrees of injection, corrosion resistant, durable, and
rechargeable, with the availability of spare parts. The recommended materials are
stainless steel, resistant plastic, rubber, and aluminum. Bronze, iron, and copper are
nonacceptable materials. The injection pump must provide a pressure on the dis-
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Principles of Chloration and Acidification 5

charge line greater than the irrigation pump. Therefore, the operating pressure of the
irrigation system exerts a minimum effect in the endurance of the injection pump.

1.2.2 INJECTION METHODS

The efficiency of chemigation depends on the capacity of the injection tank, solubil-
ity of a chemical in water, dilution ratio, precision of dilution, potability, costs and
the capacity of the unit, method of operation, experience of the operator, and needs
of the operator. The chemical compounds used for the chemigation process must be
liquid emulsions or soluble powder. The injector must be appropriate to introduce
substances in the system. In addition, it must be of an adequate size to supply the
necessary amount of chemical at a desired flow rate. Normally, the injection is car-
ried out with an auxiliary electric pump or by interconnecting the injection pump to
the irrigation pump.

1.2.2.1 INJECTION BY A PRESSURE PUMP

A rotary, diaphragm, or piston-type pump can be used to inject the chemicals to
flow from the chemical tank toward the irrigation line. The chemigation pump must
develop a pressure greater than the operating pressure in the irrigation line. The in-
ternal parts of the pump must be corrosion resistant. This method is very precise and
reliable for injecting the chemicals in the drip irrigation system.

1.2.2.2 INJECTION BY PRESSURE DIFFERENCE

This is one of the easiest methods to operate. In this method, a low-pressure tank is
used. This tank is connected with the discharge line at two points: one that serves
as a water entrance to the tank and the other is an exit for the mixture of chemicals.
A pressure difference is created with a gate valve in the main line. The pressure dif-
ference is enough to cause a flow of water through the tank. The chemical mixture
flows into the irrigation line. The concentration of the chemical in water is difficult
to calculate and control. Therefore, it is recommended to install an accurate meter-
ing valve to maintain a precalibrated injection rate.

1.2.2.3 INJECTION BY VENTURI PRINCIPLE

A Venturi system can be used to inject chemicals into the irrigation line. There is a
decrease in the pressure accompanied by an increase in the liquid velocity through a
Venturi. The pressure difference is created across the Venturi, and it is sufficient to
cause a flow by the suction of chemical solutions from the tank.
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1.2.2.4 INJECTION IN THE SUCTION LINE OF THE IRRIGATION PUMP

A hose or tube can be connected to the suction pipe of the irrigation pump to inject
the chemicals. A second hose or tube is connected to the discharge line of the pump
to supply water to the tank. This method should not be used with toxic chemical
compounds because of the possible contamination of the water source. A foot valve
or safety valve at the end of a suction line can avoid the contamination.

1.3 FERTIGATION

All fertilizers used for the chemigation purpose must be soluble (Table 1.1). The
partially soluble chemical compounds can cause clogging and thus can create op-

erational problems.!’

TABLE 1.1  Solubility of Commercial Fertilizers

Fertilizer Solubility (g/L)
Ammonia 97
Ammonium nitrate 1185
Ammonium sulfate 700
Calcium nitrate 2670
Calcium sulfate Insoluble
Diammonium phosphate 413
Dicalcium phosphate Insoluble
Magnesium sulfate 700
Manganese sulfate 517
Monoammonium phosphate 225
Monocalcium phosphate Insoluble
Potassium chloride 277
Potassium nitrate 135
Potassium sulfate 67

Urea 1190
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1.3.1 NITROGEN

Nitrogen is an element that is most frequently applied in the drip irrigation system.
The principal sources of nitrogen for chemigation are anhydrous ammonia, liquid
ammonia, ammonium sulfate, urea, ammonium nitrate, and calcium nitrate. The
anhydrous ammonia or the liquid ammonia can increase the pH of the irrigation
water, thus a possible precipitation of calcium and magnesium salts. If the irrigation
water has a high concentration of calcium and magnesium bicarbonates, then these
can result in the precipitation of chemical compounds. This enhances the clogging
problems in the drippers, filters, and laterals. The ammonium salts are very soluble
in water and cause less problems of clogging, with the exception of ammonium
phosphate. The phosphate salts tend to precipitate in the form of calcium and mag-
nesium phosphates if there is an abundance of Ca and Mg in the irrigation water.
Ammonium sulfate causes little obstruction problems or changes in pH water. The
urea is very soluble, and it does not react with the irrigation water to form ions, un-
less water contains the enzyme urease. This enzyme can be present if water has large
amounts of algae or other biological agents.

The filtration system does not remove urease. This can cause hydrolysis of urea.
Because the concentrations of the enzyme are generally low compared with those in
the soil, urea will not hydrolyze to a significant degree in the irrigation water. The
nitrate salts (e.g., calcium nitrate) are relatively soluble in water and do not cause
large changes in the pH of the irrigation water. The nitrogen fertigation is more ef-
fective than the conventional methods of application, especially in sandy soils. In
addition, the nitrogen fertigation is more efficient than the conventional methods in
fine-textured soils.

1.3.2 PHOSPHORUS

Phosphorus can be applied in the irrigation system as an organic phosphate com-
pound and glycerophosphates. The organic phosphates (orthophosphates) and urea
phosphate are relatively soluble in water and can easily move in the soil. The or-
ganic phosphates do not precipitate, and the hydrolysis of an organic phosphate
requires large lapse time.

Glycerophosphates react with calcium to form compounds of moderate solubil-
ity. The application of phosphorus can enhance obstructions in the drip irrigation
system. When phosphoric fertilizers are applied in the irrigation water with high
concentrations of Ca and Mg, then the insoluble phosphate compounds are formed
that can obstruct the drippers and lateral lines. Phosphorus moves slowly in the
soil and the root zone. In addition, the moist soil particles absorb phosphorus to
form insoluble compounds. It is not recommended to fertigate phosphorus fertiliz-
ers during the growth period of a crop. Instead, it should be applied before seeding,
during seeding, and during fruit formation. The plant uses phosphorus early in its
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growth. In the drip-irrigated crops, the fertigation of phosphorus can be combined
with traditional methods of application. The drip irrigation system is efficient in the
application of soluble phosphorus compounds, because water is applied in the root
zone, which facilitates the availability of phosphorus.

1.3.3 POTASSIUM

Potassium can be fertigated in the form of potassium sulfate, potassium chloride,
and potassium nitrate. Generally, potassium salts have good solubility in water and
cause little problems of precipitation.

1.3.4 MICRONUTRIENTS

The micronutrients are supplied in the form of chelates. Thus, its solubility in water
is increased, and these do not cause any problems of obstruction and precipitation.
If the micronutrients are not applied as recommended, then iron, zinc, copper, and
magnesium can react with the salts in the soil causing precipitation. This enhances
the clogging of the emitters. The chelates should be dissolved before fertigation.
The chemigation of micronutrients benefits the plant to accomplish a good devel-
opment and growth. In addition, the operational cost is lower compared with the
foliage application.

1.4 CHLORATION OR CHLORINATION

The obstruction of the filters, the distribution lines, or the emitters is the main prob-
lem associated with the operation and management of a drip irrigation system.®'°
These obstructions are caused by physical agents (solid particles in suspension),
chemical agents (precipitation of insoluble compounds), or biological agents (mac-
ro- and microorganisms). The preventive maintenance is the best solution to reduce
or to eliminate the obstructions in the emitters or components of the system.!' The
chlorination is an addition of chlorine to water.!° Chlorine, when dissolves, acts as
an oxidation agent and attacks the microorganisms, such as the algae, fungi, and
bacteria. This procedure has been used for many decades to purify the drinking wa-
ter.'> Chloration is an injection of chlorine compounds through the irrigation system.
The chloration solves the problem of obstruction of the emitters or drippers caused
by biological agents effectively and economically. “Caution: Do not use any chemi-
cal agent through the drip system without consulting a specialist.”*!%!3:14

The chloration is the cheapest and effective treatment for the control of bacteria,
algae, and the slime in the irrigation water. Chlorine can be introduced at low con-
centrations (1 ppm) at necessary intervals, or at high concentrations (10-20 ppm)
for a few minutes. Chlorine can be injected in form of chlorine powder (solid) and
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chlorine gas. The gas treatment is expensive and dangerous for the operator. Cal-
cium hypochlorite can also be used, but calcium tends to precipitate. Chlorine also
acts as a biocide to iron and sulfur bacteria.

1.4.1 QUALITY OF WATER
1.4.1.1 WATER SOURCE

It is necessary to conduct the physical and chemical analysis of water before design-
ing a drip irrigation system and choosing an appropriate filtration system.'* For the
chemical analysis, it is important to take a representative sample of the water. If the
water source is subsurface (e.g., deep well), the sample must be taken an hour and
a half after the pump begins to work. When the water source is from a lake, river,
pool, or open channel, samples must be taken at the surface, at the center, and at the
bottom of the water source.

It is important to analyze the sample for suspended solids, dissolved solids and
acidity (pH), macroorganisms, and microorganisms.'* The acidity of the water must
be known, because it is a factor that affects the “chemigation directly” and therefore
the chloration. For example, the chloration for the control of bacteria is ineffective
for a pH > 7.5. Therefore, it is necessary to add acid to lower the pH of irrigation
water and to optimize the biocide action of the chlorine compound. If the chemical
analysis of the water is known, we can predict the obstruction problems and take
suitable measures. In addition, a program of adequate service and maintenance can
be developed. The physical, chemical, and biological agents are classified in Table
1.2. The factors are classified in order of the risk: from low to severe. When the
amount of solids, salts, and bacteria in the water is within the acceptable limits, the
risk of clogging is reduced.

TABLE 1.2 Water Quality: Criterion that Indicates the Risk of Obstruction of the Emitters

Risk of Obstruction
Type of Problem Low Moderate Severe
Biological agents
Bacteria populationa <10 000 10 000-50 000 >50 000
Physical agents
Suspended solidsb <50 50-100 >100
Chemical agents
Acidity (pH) <7.0 7.0-8.0 >8.0
Dissolved solidsb <0.2 0.2-1.5 >2000
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10 Principles and Management of Clogging in Micro Irrigation

TABLE 1.2 (Continued)

Risk of Obstruction
Type of Problem Low Moderate Severe
Ironb <0.1 0.1-1.5 >1.5
Hydrogen sulfide <500 500-2000 >2.0
Manganeseb <0.2 0.2-2.0 >1.5

“Maximum concentration of the representative sample of water. Given in ppm (mg/L).
®Maximum number of bacteria per milliliter. Obtained from field samples and laboratory
analysis.

Also the particles of “organic matter” can combine with bacteria and produce
a type of obstruction that cannot be controlled with the filtration system. The fine
particles of organic matter are deposited within the emitters and are cemented with
bacteria such as Pseudomonas and Enterobacter. This combined mass causes clog-
ging of the emitters. This problem can be controlled with super chloration at a rate
of 1000 ppm (mg/L). However, the chloration at these high rates can cause toxicity
of a crop. The obstruction caused by the “biological agents” constitutes a serious
problem in the drip irrigation system that contains organic sediments with iron or
hydrogen sulfide. Generally, the obstruction is not a serious problem if water does
not have organic carbon, which is a power source for the bacteria (promotes the
bacterial growth). There are several organisms that increase the probability of ob-
struction when there are ions of iron (Fe*") or sulfur (S°).

Algae in surface water can add carbon to the system. The slime can grow on
the inner surface of the pipes. The combination of the fertilizer and the heating of
the polyethylene pipes (black) because of sunlight can promote the formation and
development of these microorganisms. Many of the water sources contain carbon-
ates and bicarbonates, which serve like an inorganic power source to promote slime
growth; also, autotrophic bacteria (that synthesize their own food) are developed.
The algae and the fungi are developed in the surface waters. Besides obstructing the
emitters, the filamentous algae form a gelatinous substance in the pipes and emit-
ters, which serve as a base for the development of slime. Another type of obstruction
can also happen when the filamentous bacteria precipitate iron into the insoluble
iron compounds (Fe**).

1.4.1.2 GROWTH OF SLIME IN THE DRIP IRRIGATION SYSTEM

The bacteria can grow within the system in the absence of light and produce a mass
of the slime or cause the precipitation of iron or sulfur dissolved in water. The slime
can act like an adhesive substance that agglutinates fine clay particles sufficiently
large enough to cause clogging ®!%!?
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1.4.2 GROWTH OF ALGAE IN THE WATER SOURCE OR IN
THE IRRIGATION SYSTEM

One of the most frequent problems is the growth of algae and other aquatic plants
in the surface water that can be used for drip irrigation. The algae grow well in the
surface water. The problem becomes serious if the water source contains nitrogen,
phosphorus, or both. In many cases, the algae can cause obstructions in the filtration
system. When the screen filters are used, the algae can be entangled in the sieves
(screen) of the filter. In high concentration, these aquatic microorganisms can create
problems in the sand filters. This requires a frequent flushing and cleaning of the
filters.

1.4.3 PRINCIPLE OF CHLORATION?# 21519

The principle of chloration for treating water by drip irrigation is similar to the one
that is used to purify water for drinking purpose. Table 1.3 includes basic reactions
of chlorine and its salts. When chlorine in gaseous state (Cl)) dissolves in water,
the chlorine molecule is combined with water in a reaction called hydrolysis. The
hydrolysis produces hypochloric acid (HOCI; reaction (1)). Following this reaction,
hypochloric acid enters an ionization reaction as shown in reaction (2). Hypochlo-
ric acid (HOCI) and hypochlorite (OCl) are known as freely available compounds
and are responsible for controlling the microorganisms in water. The equilibrium
of these depends on the temperature and the pH of the irrigation water. When the
water is acidic (low pH), the equilibrium moves to the left, resulting in an increase
in HOCI. When the water is alkaline (high pH), chlorine increases in the form of
OCI'. The efficiency of HOCI is 40—80 times greater than OCIl . Therefore, the ef-
ficiency of the chloration depends greatly on the acidity (pH) of the water source.
Reaction (1) produces hydrogen ions (H") that can increase the acidity. The basicity
depends on the amount of added chlorine and the buffer capacity of water. Sodium
hypochlorite [NaOCl] and calcium hypochlorite [Ca(OCl),] hydrolyze and produce
OH ions that tend to lower the acidity of water (reactions (3) and (4)). If the pH is
extremely low, the gaseous chlorine (Cl,) predominates, which can be dangerous.
Therefore, it is recommended to store the sources of OCI compounds separate from
solids. Also the available free chlorine reacts with oxidizing compounds (such as
iron, manganese, and hydrogen sulfide) and produces insoluble compounds, which
must be removed from the system to avoid clogging.
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TABLE 1.3 Basic Forms of Chlorine Reactions and Its Salts

Reactions Reaction Number
CI2 + H20 = H+ + CI- + Col 1)
HOCI1 =H+ + OCl— 2)
NaOCI + H20 = Na+ + OH- + Col 3)
Ca(OCl)2 + 2H20 = Ca2+ + 20H— + 2HOC1 “)
HOCI + NH3 = NH2CI + H20 )
HOCI + NH2Cl = NHCI2 + H20 ©6)
HOCI + NHCI2 = NCI3 + H20 @)
HOCI + 2Fe2+ + H+ = 2Fe3+ + Cl- + H20 ®)

Ferrous to ferric

CI2 + 2Fe(HCO3)2 + Ca(HCO3)2 = 2Fe(OH)3 (insoluble) + (9)

CaCl2 + 6CO2
HOCI + H2S = S—(insoluble) + H20 + H+ + Cl— (10)
CI2 + H2S = S—(insoluble) + 2H+ + 2Cl— (11)

Chlorine has two important chemical properties: at a low concentration (1-5
mg/L), it acts as a bactericidal, and at a high concentration (100-1000 mg/L), it
acts as an oxidizing agent, which can disintegrate particles of organic matter. It is
necessary to watch, because chlorine at these high levels can affect the growth of
some plants.

1.4.4 SOURCES OF COMMERCIAL CHLORINE

The most common chorine sources'” used in a drip irrigation system are sodium
hypochlorite, calcium hypochlorite, and gaseous chlorine.

1.4.4.1 SODIUM HYPOCHLORITE, NAOCL

Sodium hypochlorite is a liquid and is commonly used as whitener for clothes. It
can be easily decomposed at high concentrations, in the presence of light and heat.
It must be stored at room temperature in packages resistant to corrosion. This com-
pound is easy to handle. The amounts can be measured precisely, and it causes few
problems.
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1.4.4.2 CALCIUM HYPOCHLORITE, CA(OCL),

Calcium hypochlorite is available commercially as dust, granulated, or pellets. It
is well soluble in water and is quite stable under appropriate storage conditions. It
must be stored at room temperature in a dry place and in packages resistant to corro-
sion. When this compound is mixed in a concentrated solution, it forms a suspension
that contains calcium oxalate, calcium carbonate, and calcium hydroxide. These
compounds can obstruct the drip irrigation system.

1.4.4.3 GASEOUS CHLORINE, CL, GAS

It is available in liquid form at high pressure in cylinders from 45 to 1000
kg. The Cl, is very poisonous and corrosive. It must be stored in a well-ven-
tilated place. Table 1.4 shows equivalent amounts of chlorine for different
commercial sources and the required amount to treat 1233 m* (1 acre-foot)
of water to obtain 1 ppm of chlorine. The NaOCl is safer than Cl,and avoids
calcium precipitates in the emitters, which can happen when Ca(OCl), is
used. It is more economical to use than Cl, in large systems. In small sys-
tems, it is appropriate to use sodium or calcium hypochlorite. The use of Cl,
is preferred in situations where the addition of sodium and calcium can be
detrimental to the crop. It is necessary to observe that Cl, is dangerous under
certain conditions. Thus, the instructions on the label must be followed. It is
recommended to install a security valve (one way or check valve) in the tank
that is used for injecting chlorine.

TABLE 1.4 Equivalent Amounts of the Commercial Sources of Chlorine and the Required
Amount to Treat 1 acre-foot of Water to Obtain 1 ppm of Chlorine

Commercial Source of Chlorine Equivalent Amount to Ob- Required Amount
tain 454 g (1 Ib) of Chlorine to Treat 1 acre-foot
(1233 m3) of Water
and Obtain 1 ppm of

Chlorine
Gaseous chlorine (C12) 454 g (1.0 1b) 1226 g (2.7 1b)
Calcium hypochlorite, Ca(OCl)2
65—70% of available chlorine 681 g (1.51b) 1816 g (4.0 1b)
Sodium hypochlorite, NaOCl
15% of available chlorine 2.54 L (0.67 gallons) 6.81 L (1.8 gallons)
10% of available chlorine 3.78 L (1.0 gallons) 10.22 L (2.7 gallons)
0.5% of available chlorine 7.57 L (2.0 gallons) 20.44 L (3.4 gallons)
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1.4.5 METHOD OF CHLORATION"-'®

The chloration in a drip irrigation system can be continuous or in intervals, depend-
ing on the desired results. Application at intervals is appropriate, when the objective
is to control the growth of microorganisms in lateral lines, emitters, or other parts of
the system. The continuous treatment is used when we want to precipitate the iron
dissolved in water, to control algae in the system, or where it is not reliable to use
the treatment at intervals.

1.4.5.1
1.

[98]

GENERAL RECOMMENDATIONS

Inject chlorine before the filters. This controls the growth of algae or bac-
teria in the filters, which otherwise would reduce the filtration efficiency.
This also allows the filtration of any precipitate caused by the injection of
chlorine.

Calculate the amount of chlorine to be injected. It is necessary to know the
volume of water to be treated, the active ingredient of the chemical com-
pound to be used, and the desired concentration in the treated water.
Chlorine should be injected when the system is in operation.

One should take samples from water at the nearest drippers and the most
distant drippers to determine the chlorine level at these points. Allow suf-
ficient time so that the lines are filled with the chlorine solution.

Adjust the injection ratio. Repeat steps 4 and 5 until the desired concentra-
tion is obtained in the system.

1.4.5.2 RECOMMENDED CHLORINE CONCENTRATIONS"

1.

2.

Continuous treatment (in order to prevent the growth of algae or bacteria):
Apply from 1 to 2 mg/L continuously through the system.

Treatment at intervals (in order to eliminate the algae or bacteria): Apply
from 10 to 20 mg/L for 60 min. The frequency of the treatment depends on
the concentration of these microorganisms in the water source.

Super chloration (in order to dissolve the organic matter and, in many cases,
the calcium precipitated in the drippers): Inject chlorine at a concentration
from 50 to 100 mg/L, depending on the case. After this, close the system and
leave it for 24 h, to clean all the secondary and lateral lines. It helps to clean
the obstructions in the secondary and lateral lines. We have to be careful
while applying these amounts, because these chlorine levels can be toxic to
certain crops. Table 1.5 shows typical dosages of chlorine.
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TABLE 1.5 Typical Dosages of Chlorine

Problem due to Dosage

Algae 1-2 ppm continuous, or 10-20 ppm for 30-60 min
Ferro bacteria 1 + ppm: varies with the amount of bacteria

Slime 0.5 ppm

Precipitation of iron 0.64 x [content of Fe++]

Precipitation of manganese 1.3 X [content of manganese]

Hydrogen sulfide 3.6 x 8.4 x [content of H2S]

1.4.5.3 CHLORINE REQUIREMENTS'15-18

Chlorine requirements must be known before the chloration. The Cl, or NaOCl is
a biocide that must be applied in the amounts and at recommended concentrations.
The excess of chlorine in the irrigation water can cause damage to the young plants
or young trees. On the other hand, the low levels do not solve the problems associ-
ated with the growth of microorganisms in the irrigation water. Chlorine is a very
active and toxic agent at high concentrations; therefore, it must be handled carefully.
When it is injected in the irrigation lines, some chlorine reacts with inorganic com-
pounds and organic substances of the water or it adheres to them. In most wells and
water sources, from 65 to 81% of chlorine is lost by this type of reaction. Chlorine
(like hypochlorous acid) that adheres to the organic matter or that reacts with other
compounds does not destroy microorganisms. For this reason, it does not have value
as a biocide agent. The free chlorine (the excess of hypochlorous acid) is the agent
that inhibits the growth of bacteria, algae, and other microorganisms in the water.
Therefore, it is indispensable to establish the chlorine requirements before the chlo-
ration. In this way, we can maintain the desired concentrations of available chlorine.

In order to inhibit the growth of microorganisms, a minimum contact time of 30
min is required (45 min of injection). It also requires a minimum concentration of
0.5-1.0 mg/L of available chlorine measured at the end of the drip line and 2.0-3.0
mg/L of available chlorine at the injection point. The following equations are used
to calculate the gallons per hour (gph) of NaOCI that must be injected to obtain the
desired concentration of chlorine per minute (gpm):

1. Formula for gpm of 10% NaOCI:

=[0.0006x (gpm desirable chlorine)x (discharge of the pump, gpm)] )

2. Formula for gph of 5.25% NaOCI:
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=[0.000114x(ppm desirable chlorine)x (discharge of the pump, gpm)] )

3. Formula for pounds by hectare of Cl, (gas):

=[0.06x ppm of desirable chlorinex discharge of the pump in gpm]/ [percentage of chlorine in the material] (3)

4. Gallons of liquid chlorine per hour:
=[0.06x ppm of desirable chlorinex discharge of the pump in gpm]/ [percentage of chlorine in the material]

“4)

5. Dry chlorine in pounds per hour:

=[0.05x ppmx gpm |/[ percentage of chlorine in the material]

(&)
6. Dry chlorine in pounds per 1000 gallons of water:
= [0.83><ppm]/ [ percentage of chlorine in the material] (6)
7. For chlorine gas:
= Take the percentage of chlorine = as100;and calculate as dry chlorine @)

1.4.5.4 HOW TO MEASURE CHLORINE WITH THE DPD METHOD

It is essential to measure chlorine when using liquid chlorine as bactericide and
algicide in irrigation systems of low volume.!>!” Most of the methods of measur-
ing chlorine which are used in the swimming pools are not adequate for irrigation
systems. This is because many of these equipments measure only the total chlo-
rine, but not the residual free chlorine. The equipment using N,N-diethyl-p-phen-
ylenediamine (DPD) of good quality can measure the total chlorine and the free
available chlorine. The test equipment with DPD is very simple. The directions and
procedures come with the equipment. The equipment is used to measure each type
of chlorine. When applying these compounds, water becomes pink in the presence
of chlorine. The more intense is the color, higher is the chlorine concentration. In
order to know the chlorine concentration, the color of water is compared with that
of a calibrated chromatic chart. One must remember that the free chlorine is the one
that determines the biocide action. If free chlorine is not sufficiently available, the
bacteria continue to grow even though chlorine has been injected into the system. In
other words, if the amount of total chlorine is not sufficient to maintain free chlorine
in solution, the treatment gets of no value. The test equipment with DPD can be
purchased from the sellers of irrigation equipments or from chemical agents who are
specialized in water treatment.
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1.5 INSTALLATION, OPERATION, AND MAINTENANCE
1.5.1 INSTALLATION

To be effective, all types of chemigation equipments must be suitable, reliable, and
precise. All the electrical devices must resist risks due to bad weather. In addition,
all the valves, accessories, fittings, and pipes must resist the operating pressure.
Some chemicals can cause corrosion problems. The chemical compounds and the
concentrations of chemicals must be compatible with the injection system. The ma-
terials of the system must be corrosion resistant. These should be washed with clean
water after each fumigation process.

1.5.2 OPERATION

The chemigation procedure must follow a preestablished order. Irrigation system is
operated until the soil saturates to a field capacity. Then, the chemicals are injected.
Once the chemigation has finished, water is allowed to flow free in the system for
a sufficient time to remove all the sediments (salts) of chemicals from the laterals
and drippers.

1.5.3 MAINTENANCE

The maintenance is a routine procedure. One should inspect all the components of
the injection system after each application. It is recommended to replace the defec-
tive components before they stop working altogether. In order to clean the injection
system, it is necessary to have water accessible near the system. After each applica-
tion, it is recommended to clean and wash exterior of all the parts with water and
detergent and to rinse with clean water. The chemigation system can be cleaned in
two ways:

1. By pressurized air

2. By using acids or other chemical agents

The pressurized air is used to clean the laterals of accumulation of the organic
matter. Also, the lines can be cleaned with a commercial grade hydrochloric acid,
phosphoric acid, or sulfuric acid at a concentration of 33—38%. When the acid is
used, it is important to use protective clothing to avoid risks and accidents due to
burns. Before using acid, it is recommended to allow the water flow through the
system for 15 min. It is safe to fill the tank to two-thirds of its capacity and make
sure that all the components are in good condition. Now add the acid to the tank.
The system will operate at a pressure of 0.8—1.0 atmospheres to apply acid. The
acid treatment will avoid the precipitation of salts and the formation of slime in the
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system. When the treatment has been completed, allow the water to flow to remove
the residues of acid. Other practices for a good operation are:

1. to lubricate the movable screws and parts, after using the system,

2. to lubricate the movable screws and parts if the fertigation system was inac-
tive during a prolonged period. It is necessary to activate the system and to
make sure that all the parts are in good condition.

“Rule of thumb is to chemigate during the middle of the irrigation cycle.”

1.5.4 CALIBRATION

The calibration consists of adjustment of the injection equipment to supply a desired
amount of chemicals. The adjustment is necessary to make sure that the recom-
mended dosage is applied. Excess of chemicals is very dangerous and hazardous,
whereas a small amount will not give effective results. The use of excess fertilizers
is also not economical. The amounts less than the recommended dosages cause re-
duction in the crop yield. The precise calibration helps us to obtain accurate, reli-
able, and desirable results. A simple calibration consists of the collection of a sample
of a chemical solution that is being injected to cover the desired area during the
irrigation cycle. During the chemigation process, the rate of injection of a chemical
compound can be calculated with the following equation:

g=(fxA)/(cxt,xt,) ®)

where g is the rate of injection (L/h); f'is the quantity of chemical compound
(kg/ha); A is the irrigation area (ha); c¢ is the concentration of the chemical
in the solution (kg/L); ¢, is the chemigation time (h); and ¢ is the irrigation
duration (h).

1.6 SAFETY CONSIDERATIONS IN CHEMIGATION'%67

Safety during the chemigation process is of paramount importance. It is recom-
mended to use specialized equipment to protect the water source and the operators
of the system and to avoid risks, health hazards, and accidents. It is necessary to
install a safety valve (check valve or one-way valve) in the main line between the
irrigation pump and the injection point. A manual gate valve is not enough to avoid
contamination of the water source. The safety valve allows the water flow in the
forward direction. If properly installed, it avoids backflow of chemicals toward the
water source. It is safer to install an air relief valve (vacuum breaker) between the
irrigation pump and the safety valve.

The air relief valve allows air to escape from the system. It will avoid suction
of chemical solution into the water source. The pump to inject chemicals and the
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irrigation pump can be interconnected. The pumps are interconnected in such a way
that if one is shut off, the other will shut off automatically. This is convenient when
the two pumps are electrical. A safety valve must be installed in the line of chemical
injection. This arrangement avoids backflow toward the tank. This backflow can
cause dilution of chemical, causing spills and breakage of the system.

The spills of pesticides are extremely dangerous because these can contaminate
the water source and can cause health hazards. It is recommended to locate the
chemical tank away from the water source. In the case of deep well, the pesticides
can wash through the soil and contaminate the well. In addition, the operator and
the environment are exposed to the danger of the contamination. The safety valve
generally has spring and requires pressure so that the water will flow through it.
This valve allows flow only when an adequate pressure exists in the injection pump.
When the injection pump is not in operation, there is no escape of liquid because of
small static pressure in the tank. A gate valve at the downstream of the chemigation
tank will help to avoid flow of irrigation water toward the tank when the chemiga-
tion is not in progress. This valve can be a manual gate valve, ball valve, or solenoid
metering valve. The valve should be installed close to the tank. It must be open only
during chemigation. Also, it must be corrosion resistant.

The automatic solenoid valve is interconnected electrically to the injection
pump. This interconnection allows automatic closing of the valve in the supply line
of chemical. Thus, it avoids flow of water in both directions when the chemigation
pump is not in operation. The top of the chemical tank should be provided with wide
openings, which will allow easy filling and cleaning. In addition, the tank must be
provided with a sieve or a filter. The tank must be corrosion resistant such as stain-
less steel or reinforced plastic with fiber glass. The flow rate of the tank should cor-
respond to the capacity of the pump. The tank should be equipped with an indicator
to register the level of the liquid. The centrifugal pump provides high volume at low
pressure. The pumps of piston and diaphragm provide volumes between moder-
ate and high flows at high pressure. The pumps of roller and gear type provide a
moderate volume at low pressure. If a pump is allowed to operate dry, then it can be
damaged. It is recommended to follow the instruction manual of the manufacturer
for a long life of the pump. Maintain all protectors in place. The injection pump of
low volume can inject the concentrated formulation of pesticide. In that way, the
problem of constantly mixing the solution in the tank is avoided. In addition, the
calibration becomes easier.

One must select the hoses and synthetic or plastic tubes that can resist the operat-
ing pressure, climatic conditions, and the solvents in some chemical compounds. Do
not allow the bending or kinking of hoses and tubes with another object. Wash the
exterior and interior of hoses frequently so that these can last longer. These must be
cleaned, washed, and stored well when are not in use. If it is possible, avoid expo-
sure to sun. Because of climatic changes, the hoses or tubes show deteriorations on
the outer surface. The areas where chemigation is in progress should display a sign
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that chemical compounds are being applied through irrigation system. The operator
of the chemigation equipment must take all precautions: to use protective clothes,
boots, protective goggles, and gloves. The waiting period to enter the field is neces-
sary to avoid health hazards and risks. Precautions are necessary so that persons or
animals do not enter the treated area during the application of pesticides and toxic
substances.

1.7 EXAMPLES

Example 1

A farmer wishes to use a cloth whitener (NaOCl 1-5% active chlorine or available
chlorine) to reach a concentration of 1 ppm of chlorine at the injection point. The
flow rate for the system is 100 gpm. In what ratio must chlorine be injected?

IR=[OxCxM]/S
=(100x1x0.006)/5=0.21gph ©)

where IR is the rate of chlorine injection (gph), Q is the flow rate of the system
(gpm), C is the desired concentration of chlorine (ppm), S is the percentage of active
ingredient (%), and M is the 0.006 for the liquid material (NaOCIl) or 0.05 for the
solid material Ca[OCI],

Example 2

A farmer wants to inject Cl, through the drip irrigation system at a concentration of
10 ppm. What will be the rate of injection of the chlorine gas? The flow rate of the
system is 1500 gpm.

IR = OxCx0.012 (10)

where IR is the rate of injection of chlorine (pound/day), Q is the flow rate of the
system (gpm), and C is the desired chlorine concentration (ppm).

IR =1500x10x0.012 =180 pounds per day

1.8 SERVICE AND MAINTENENCE OF DRIP IRRIGATION
SYSTEMS

We must prevent the obstructions in the filters, laterals, and emitters. The clogging
can be prevented with a good maintenance and periodic service of the system. To
operate and maintain a drip irrigation system in a good working condition, the fol-
lowing considerations are important?:
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1. Pay strict attention to the filtration and flushing operation.

2. Maintain an adequate operating pressure in the main, sub main, and lateral
lines.

3. Flush and periodically inspect the drip irrigation system.

1.8.1 MAINTENANCE OF FILTERS AND FLUSHING
OPERATION

For effective filtration efficiency, we must make sure that the system is maintained
in good condition, and it is not obstructed by the clogging agents. For this purpose,
pressure gauges are installed at the entrance and exit of a filter. The pressure differ-
ence between these two gauges should vary from 2 to 5 psi when the filter is clean,
and the mesh is free from obstructions. The filtration system should be cleaned and
flushed when the pressure difference is from 10 to 15 psi. The filters must be flushed
before each irrigation operation. If water contains a high percentage of suspended
solids, then the filters should be flushed more frequently. Entry of dust and foreign
material should be avoided when the filters are open. Filters may not be able to re-
move the clay particles and algae.

1.1.1.1 FLUSHING METHOD

The frequency of flushing depends on the water quality. For flushing of irrigation
lines, the following procedure can be adopted:
1. Open the ends of the distribution and lateral lines. Allow the flow of water
through the lines until all the sediments are thrown out of the lines.
2. Close the ends of the distribution lines. Begin to close the lines one after
another, from one block to second, and so on. There must be a sufficient
pressure to flush out all the sediments.

1.8.2 CLEANING WITH PRESSURIZED AIR

The clogging can be caused by the presence of organic matter in water. It may be
necessary to use pressurized air to clean the drippers. Before beginning this process,
water is passed through the lines for a period of 15 min. When adequate operating
pressure has been established, the air at 7 bars of pressure is allowed through the
system. The compressed air will clean the lines, laterals, and drippers of the accu-
mulated organic matter.
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1.8.3 CLEANING WITH ACIDS AND CHLORINE

The clogging may also be caused by the precipitation of salts. The cleaning with
acids will help to dissolve the chemical deposits. This process is not effective to re-
move the organic matter. Sodium hypochlorite (at the rate of 1 ppm) can be injected
on the suction side of a pump for 45-90 min before shutting off the pump. The best
time of injection is after flushing the sand filters, because chlorine prevents the
growth of bacteria in the sand. The surface water containing iron can be treated with
chlorine or commercial bleaching agent for 45 min for lowering the pH to <6.5. At
pH > 6.5, certain reactions in combination with the precipitates of iron may gradu-
ally obstruct the irrigation lines.

One may use commercial grade phosphoric acid or hydrochloric acid. Before
using the acid, water is allowed to pass through the system at a pressure greater than
the operating pressure. Fill the fertilizer tank up to two-thirds of its capacity. Add the
acid at a rate of 1 L/m?/h of flow rate. Inject the diluted acid into the system, as one
will inject the fertilizer, in a normal process.

Remember: When using the chemigation tank, first pour water and then add the
acid.

1.8.4 METHODS TO REPAIR TUBES OR DRIP LINES

1. The orifices of bi-wall tubing may be obstructed by salts. Polyethylene tub-
ing of small diameter is used as a bypass method to repair these drip lines.

2. If the line is broken or if there is an excessive escape of water, the pipe or
the tube is cut down and is connected with a union or a coupling.

3. Ifthe main line is made of flexible nylon flat and is leaking, then use a small
piece of plastic pipe of the same diameter to insert into the flexible nylon
tubing. Both ends are sealed with the use of pipe clamps.

1.8.5 SERVICE BEFORE THE SOWING SEASON

1. Clean and flush all the distribution system and the drip lines with water.

2. Wash with water and clean the pump house system. Lubricate all valves and
accessories.

3. Turn on the pump and activate the system. Check the pipes and drip lines for
leakage. Repair if necessary.

4. Ifthe system has been used previously, then cleaning and flushing should be
carried out for a longer period of time. It is particularly important in sandy
soils, as the sand can penetrate into the pipe during the removal of lines.

© 2016 Apple Academic Press, Inc.



Principles of Chloration and Acidification

23

1.1.6 SERVICE AT THE END OF CROP SEASON

At the end of a crop season, following steps should be taken:
1. Flush the pipes. Clean the filters and other components of the system.

If the pipes are permanently installed in the field and cannot be removed at

the end of a crop season, keep these free of soil and weeds that can grow

2. Lubricate all the gate valves and accessories.
3.

nearby.
4.

If the system can be moved from one place to another (according to the

season), the following procedure is adequate:

a.
b.
c.

Flush and clean the system.

Remove the drip lines and collect these carefully.
It is best to leave the main lines in place. If it is not possible or if there

is a need for a transfer to an area, then these should be rolled. Close both
ends and store in the shaded area.

. Itis advisable to label the hoses with tags. Distance between orifices and

frequency of use should be indicated on the tag.

1.9 TROUBLE SHOOTING

1.9.1. ACIDIFICATION AND CHLORATION

Cause

| Remedy

Uniformity of Application Is Not Adequate

1. Drippers are clogged with precipitates or
clay particles.

Replace drippers. Inject HCI according to the
instructions. Use dispersing agents such as
Na and Al

2. Drippers are clogged with microorgan-
isms.

Use biocides, algicides, and bactericides.

3. Lines are clogged.

Flush the lines by opening the ends.

4. Filters are clogged.

Clean the filters. Open the corresponding
gate valves.

Chemical Tank Is Overflowing

5. Gate valve between two injection points is
closed. Gate valve of injection line is closed.

Open the valves.

6. Filters are totally obstructed.

Flush filters.

Signs of Chlorosis
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7. Adequate dosage of fertilizers is not used.

Use recommended dosages.

8. Lack of uniformity of application.

Improve uniformity. Flush and change drip-
pers if necessary.

9. Formulations of nitrogen that precipitate.

Use acid to clean the lines. Do chemical anal-
ysis to check the calibration.

Components Are Leaking

10. Corrosion of the components.

Use anticorrosive components.

11. Purple color in young leaves: loss of
phosphorus by precipitation in line.

Use formulations of phosphorus that do not
precipitate. Apply phosphorus in bands not
through the irrigation system.

1.9.2 Service and Maintenance
Causes Remedies
Pressure Difference > Recommended Value
1. Filters are obstructed. Flush the filters.

2. Lines are broken.

Repair or replace lines.

3. Pump is defective.

Repair or replace the pump.

4. Gate valve is blocked.

Fix or replace the gate valve.

5. Pressure regulator is defective.

Remove and replace the regulator.

Laterals (or Drip Lines) and Drippers Are C

logged

6. Sand is being accumulated in the drip-
pers and lines.

Open ends of laterals and leave open for
more than 2 min so that water at pressure
passes through.

7. Formation of algae and bacteria.

Wash with chlorine. Paint the polyvinyl
chloride pipes or install the lines below soil
surface

8. Sediments are being accumulated.

Wash with acid.

9. Precipitation of chemical compounds by
chemigation.

Wash with acid and conduct the chloration
process.

10. Obstruction by nest of insects.

Wash with insecticide.

Pressure Is Increased

11. Orifices in the drip lines or drippers are

Flush the drip lines or laterals.

clogged.
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1.10  SUMMARY

The chemigation is an application of chemicals through the irrigation system. The
chemigation provides uniformity in the application of chemicals, allowing the dis-
tribution of these chemicals in small quantities during the growing season when and
where these are needed; reduces soil compaction and the chemical damage to the
crop; reduces the quantity of chemicals used in the crop and the hazards and risks
during the application; reduces the pollution of the environment; and reduces the
costs of manual labor, equipment, and energy. The chemical injection unit consists
of chemigation pump, pressure regulator, gate valve, pressure gauge, connecting
tubes, check valve, and chemigation tank. All fertilizers for the chemigation must
be soluble.

Chlorine can be introduced at low concentrations at necessary intervals or at
high concentrations for a few minutes. Chlorine can be injected in the form of chlo-
rine powder and chlorine gas. All chemigation equipments must be corrosion resis-
tant, reliable, and precise. The chemigation procedure must follow a preestablished
order. Irrigation system is operated until the soil saturates to a field capacity. Then,
the chemicals are injected. Once the chemigation is finished, water is allowed to
flow free in the system for a sufficient time to remove all the sediments from the
laterals and drippers. “Rule of thumb is to chemigate during the middle of the irriga-
tion cycle.” Maintenance is a routine procedure. One should inspect all the compo-
nents of the injection system after each application. It is recommended to replace the
defective components. Calibration consists of adjustment of the injection equipment
to supply a desired amount of chemical. It is recommended to use specialized equip-
ment to protect the water source and the operators of the system and to avoid risks,
health hazards, and accidents.

Chloration is a process of injection of chlorine compounds through an irriga-
tion system to prevent obstruction. The chloration solves the problem of obstruction
of the emitters or drippers caused by biological agents effectively and economi-
cally. The chloration can be continuous or in intervals, depending on the desired
results. The most common chlorine sources are sodium and calcium hypochlorite
and chlorine gas. NaOCl is safer than Cl,. The chapter discusses the quality of water,
principle of chloration, commercial sources of chlorine, methods of chloration, and
examples to calculate the injection rates.

The orifices in the drip lines or the emitters emit water to the soil. The emitters
allow the discharge of only a few liters or gallons per hour. The emitters have small
orifices, and these can be easily obstructed. For a trouble-free operation, one should
follow these instructions: pay strict attention to filtration and flushing operation.
Maintain an adequate operating pressure in the main, sub main, and lateral lines.
Flush and periodically inspect the drip irrigation system.

For effective filtration efficiency, we must maintain the system in good con-
dition, and it should not be obstructed by the clogging agents. For this, pressure
gauges are installed at the entrance and exit of a filter. The frequency of flushing
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depends on the water quality. Some recommendations for an adequate maintenance
are cleaning with pressurized air, acids, and chlorine. This chapter includes methods
to repair tubes or drip lines. Also, there is a procedure for service before the sowing
season and service at the end of the crop season.
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2.1 INTRODUCTION

Monsoon rains are unevenly distributed in space and time and not adequate to meet
the moisture requirement of the crops for successful farming. India, having only 4%
of the total available freshwater in the world, supports about 17% of the world’s
population. The agricultural sector consumes more than 80% of the available wa-
ter in India for the irrigation of crops and would continue to be the major water-
consuming sector because of intensive agriculture.'~ Indian population is estimated
to be 1.4 billion by 2020 with food requirement of 280 million-tons; therefore, the
agricultural sector must grow by 4% and augment by about 3—4 million-tons of food
per year. Although the ultimate irrigation potential of the country has been assessed
at 140 million-ha in 2050, even after achieving the same, approximately half the
cultivated land would still remain rain-fed. Therefore, water would continue to be
the most critical resource limiting the agricultural growth.

The water resources of the country are varied and limited, but still most of the
area is irrigated using the conventional methods of irrigation with an efficiency of
35-40%. Considering the daunting task of achieving food production targets, it is
imperative that efficient irrigation methods such as drip and sprinkler irrigation sys-
tems are adopted on large scale for judicious use and management of water to cope
up with increasing demand for water in agriculture in order to enhance and acceler-
ate the agricultural production in the country.

Drip irrigation, also called trickle or daily irrigation, is a point-source irrigation
method that slowly and frequently provides water directly to the plant root zone*
and is the most efficient irrigation method with an application efficiency of more
than 90%. However, not until the innovation of polyethylene plastics in the 1960s
did drip irrigation begin to gain momentum. Traditionally, irrigation had been relied
upon for a broad coverage of water to an area that may or may not contain plants.
Promoted for water conservation, drip irrigation does just the opposite. It applies
small amounts of water (usually every 2 or 3 days) to the immediate root zone of
plants. In drip irrigation, water is delivered to individual plants at a low pressure to
specific zones in the landscape or garden. The slow application promotes a thorough
penetration of water to individual plant root zones and reduces potential runoff and
deep percolation. The depth of water penetration depends on the length of time the
system is allowed to operate and the soil texture.

The suitability of any irrigation system mainly depends upon its design, layout,
and performance. Because of its merits and positive effects, drip irrigation has be-
come rapidly popular in India, and also the state governments are promoting drip
irrigation on a large scale by providing subsidy. The advantage of using a drip ir-
rigation system is that it can significantly reduce soil evaporation and increase wa-
ter use efficiency by creating a low, wet area in the root zone. World over, studies
indicate that drip irrigation results in 30-70% water saving, and yield increases by
about 40—-100% or even more compared with surface irrigation methods. Because of
water shortages in many parts of the world today, drip irrigation is becoming quite
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popular.>® In 2000, more than 73% of all agricultural fields in Israel and 3.8 million-
ha worldwide were irrigated using drip irrigation systems.” By 2008, total world
agriculture area was 1628 million-ha of which 277 million-ha were under irrigation
and 6 million-ha were drip irrigated.® In India, there has been a tremendous growth
in the area under drip irrigation during the past 15 years. In India, the area under
drip irrigation increased from a mere 1500 ha in 1985 to 70,859 ha in 1991-1992,
and at present, around 3.51x10° ha area is under drip irrigation with the efforts of
the Governments of India and the states. The National Committee on Plasticulture
Applications in Horticulture, Ministry of Agriculture, Government of India (Gol),
has estimated that a total of 27 million-ha area in the country has the potential of
drip irrigation application; thus, there is a vast scope for increasing the area under
drip irrigation.’

Because of the limited water resources and environmental consequences of
common irrigation systems, drip irrigation technology is getting more attention and
playing an important role in agricultural production, particularly with high-value
cash crops such as greenhouse plants, ornamentals, and fruits. Therefore, use of drip
irrigation systems is rapidly increasing around the world. Despite its advantages, in
drip irrigation system, emitter clogging is one of the major problems that can cause
large economic losses to the farmers. Emitter clogging is directly related to the qual-
ity of the irrigation water, which includes factors such as suspended solid particles,
chemical composition, and microbes, and also insects and root activities within and
around the tubing can cause problems. The major operational difficulties in drip
irrigation method arise from the clogging of dripper, which reduces the efficiency
and the crop yield.!°

Emitter clogging continues to be a major problem in drip irrigation systems. For
high-valued annual crops and perennial crops, where the longevity of the system
is especially important, emitter clogging can cause large economic losses. Even
though information is available on the factors causing clogging, control measures
are not always successful. These problems can be minimized by appropriate design,
installation, and operational practices. Reclamation procedures to correct clogging
increase maintenance costs and, unfortunately, may not be permanent. Clogging
problems often discourage the operators and consequently cause abandonment of
the system and return to a less efficient irrigation application method.

Emitter clogging is directly related to the quality of the irrigation water, which
includes factors such as suspended particle load, chemical composition, and micro-
bial type and population. Insect and root activities within and around the tubing can
also cause similar problems. Consequently, these factors dictate the type of water
treatment or cultural practices necessary for clogging prevention. Clogging prob-
lems are often site specific, and solutions are not always available or economically
feasible.!! No single foolproof quantitative method is available for estimating the
clogging potential. However, by analyzing the water for some specific constituents,
possible problems can be anticipated and control measures be formulated.
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Most tests can be conducted in the laboratory. However, some analyses must be
done at the sampling sites because rapid chemical and biological changes can occur
after the source of water is introduced into the drip irrigation system. Water quality
can also change throughout the year so that samples should be taken at various times
over the irrigation period. These are further rated in terms of an arbitrary clogging
hazard ranging from minor to severe. Clogging problems are diminished with lower
concentrations of solids, salts, and bacteria in the water. Additionally, clogging is
aggravated by water temperature changes.

The causes of clogging differed based on emitter dimension'*"* and positions in
lateral. The tube emitter system with laminar flow suffered more severe clogging
than the labyrinth system with turbulent flow, because laminar flow is predisposed
to clogging.' Emitter clogging was recognized as inconvenient and one of the most
important concerns for drip irrigation systems, resulting in lowered system perfor-
mance and water stress to the nonirrigated plants.”® Partial and total plugging of
emitters is closely related to the quality of the irrigation water, which occurs as a re-
sult of multiple factors, including physical, biological, and chemical agents.'!” Fa-
vorable environmental conditions in drip irrigation systems can cause rapid growth
of several species of algae and bacteria resulting in slime and filament buildup,
which often becomes large enough to cause biological clogging.'*On the other hand,
some of the bacterial species may cause emitter clogging due to the precipitation of
iron, manganese, and sulfur minerals dissolved in the irrigation water.'”" Filtration,
chemical treatment of water, and flushing of laterals are means generally applied
to control emitter clogging.*' Physical clogging can be eliminated with the use of
fine filters and screens. Emitter clogging is directly related to irrigation water qual-
ity, which is a function of the amount of suspended solids, chemical constituents
of water, and microorganism activities in water. Therefore, the above-mentioned
factors have a strong influence on the precautions that will be taken for preventing
the plugging of the emitters. During irrigation, some clogging due to microorganism
activities takes place in cases when wastewater is used.”*?*

In micro irrigation systems that are characterized by a number of emitters with
narrow nozzles, irrigation uniformity can be spoilt by the clogging of the nozzles
with particles of chemical character.?*** Chemical problems are due to dissolved sol-
ids interacting with each other to form precipitates, such as the precipitation of cal-
cium carbonate in waters rich in calcium and bicarbonates.?® In locations where the
amount of the ingredients such as dissolved calcium, bicarbonate, iron, manganese,
and magnesium are excessive in irrigation water, the emitters are clogged by the
precipitation of these solutes.”” Chemical precipitation can be controlled with acid
injection. However, biological clogging is quite difficult to control. Chlorination is
the most common practice used in the prevention and treatment of emitter clogging
caused by algae and bacteria.”®?* Calcium hypochlorite, sodium hypochlorite, and
particularly chlorine are the most common and inexpensive treatments for bacte-
rial slimes and for the inhibition of bacterial growth in drip irrigation systems.**%3!
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However, continuous chlorination would increase total dissolved solids in the irriga-
tion water and would contribute to increased soil salinity.*

In this chapter, the past research studies are reviewed, presented, and discussed
to identify the causes of clogging, water quality impacts, and preventive measures,
and that related to adsorption mechanism in physical, chemical, and biological clog-
ging of drip irrigation.

2.2 MECHANISM OF EMITTER CLOGGING: A REVIEW
2.2.1 NATURE AND SCOPE OF PRESENT STATUS

The various components of drip irrigation are made up of plastic and polymer ma-
terials because of their flexibility and other advantages over metals. There are more
than 200 various components and materials used in drip irrigation installed at farm
level. But the major components coming in contact with water includes poly tube
(material: linear low-density polyethylene (LLDPE)), dripper (material: polypropyl-
ene (PP)), pipes (material: high-density polyethylene (HDPE) and polyvinyl chlo-
ride (PVC)), and silicone diaphragm in emitters (material: silicone). It is found that
the initiation of clogging is at molecular level. Considering this, it is very important
to study the clogging mechanism and initial adsorption mechanism in drip irrigation
system. The phenomenon of adsorption is the collection or accumulation of one
substance on the surface of another substance. In adsorption, mainly the surface
of solids is involved, and accumulated substances remain on the surface. Adsorp-
tion therefore is said to be a surface phenomenon as it occurs because of attractive
forces exerted by atoms or molecules present at the surface of the adsorbent. These
attractive forces may be of two types: (i) physical forces (cohesive forces or van der
Waals forces) and (ii) chemical forces (chemical bond forces). Thus, an attempt on
the study of adsorption parameters of these materials of silicone diaphragm, PVC,
PP, HDPE, and LLDPE used in drip irrigation would give insight into which mate-
rial is more susceptible for adsorption and also possible solutions to reduce clogging
mechanism in the initial stage itself.

2.2.2 CAUSES OF CLOGGING

The major disadvantage and the only real concern with drip irrigation systems is the
potential for emitter clogging. The causes of clogging fall into three main catego-
ries: (1) physical (suspended solids), (2) chemical (precipitation), and (3) biological
(bacterial and algal growth). Emitter clogging is usually the result of two or more
of these elements working together.*® Emitter clogging is a major concern in these
systems because of the high suspended solids and nutrient values associated with
treated wastewater effluent. Early research on drip irrigation systems investigated
two different but related issues regarding emitter clogging. One focused on the clog-
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ging mechanism of emitter and the other focused on the adsorption mechanism in
emitters.

In order to avoid emitter clogging, one could use larger emitter orifices, and
to maintain the application rate at optimum, the system had to be operated by im-
pulse methods.* To prevent clogging problem due to bacteria or algae, addition
of chlorine on daily basis with a concentration of 10-20 mg L™ is recommended.
Precipitates from bacterial activity or algae growth will also be removed if chlorine
is injected with high concentration (500 mg-L™") inside the system for 24 h before
washing.*> Clogging problems are often site specific, and the solutions are not al-
ways available or economically feasible.

2.2.2.1 PHYSICAL CLOGGING

The biological plugging of emitter is a problem in drip irrigation system installed
in various citrus groves in central and south Florida. They found that the clogging
problems in drip irrigation system were due to isolation of algae in the irrigation
lines and emitters.*

The micro tube emitters clogged more rapidly than any other type of emitters,
and the chemical treatments were effective on emitters.’” They further conducted a
study to test the effect of water temperature variation upon the discharge rates of
micro tube, spiral passage, orifice, and vortex-type emitters.

The dominant causes of emitter clogging and observed flow reduction were
physical factors, viz., sand grain, plastic particles, sediment, body parts of insects
and animals, deformed septa, which contributed to 55% of the total clogging that
occurred during their study, followed by the combined development of biological
and chemical factors, such as microbial slime, plant roots and algae mats, carbon-
ate precipitate, iron—-magnesium precipitates, which contributed to 16% of the total
clogging.®® They tabulated the dominant causes of clogging with their relative %
occurrence in trickle irrigation emitter as shown in Table 2.1.

TABLE 2.1 Dominant Causes of Clogging and Their Relative Percentage of Occurrence in
Drip Irrigation Emitters®

Causes of Logging® Percentage of Occurrence
Individual Total

Physical factors

Sand grains 17

Plastic particles 26

Sediment 02

Body parts of insects and animals 03

Deformed septa 07 55
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TABLE 2.1 (Continued)

Causes of Logging® Percentage of Occurrence
Individual Total

Biological factors

Microbial slime 11

Plants root and algae mats 03 14

Chemical factors
Carbonate precipitate 02
Iron—magnesium precipitate 00 02

Combined factors

Physical/biological 08
Physical/chemical 02
Chemical/biological 06
Physical/biological/chemical 02 18
Nondetectable (probably physical) - 11

A field study evaluated the effects of emitter design and influent quality on emit-
ter clogging using eight different emitters in combination with six water treatments
of Colorado River water, USA.** The treatments were varied by the degree of fil-
tration for the removal of suspended solids and the amount of chemical additives
(sulfuric acid and calcium hypochlorite) for controlling pH and preventing biologi-
cal growth. They found that the emitter performance was reduced during average
flow rates for each experimental subplot. They recommended a combination of sand
and screen filtration to remove suspended solids, acid treatment to reduce chemical
precipitation, and flushing of laterals to eliminate sediments.

Emitter clogging of particulate removal by granular filtration and screen fil-
tration of wastewater stabilization pond effluent has been discussed by Adin.** He
showed that deep-bed granular media controlled suspended particles in which larger
particles (10 pm) were removed at a higher rate than smaller particles, and very little
removal occurred in the 1-2 um size range; further 10-60 um size particles were
removed by 40-50% “in-depth filtration” and by more than 80% when bio-mats
developed and surface filtration occurred. He found that the particulate removal
efficiency increased as the filter media size approached 1.20 mm and the filter bed
depth increased to 0.45 m and decreased (especially for small particles) with in-
creased filtration velocity from 2.2 L-m-s™!. He also observed that the release of
large particles from the screen into the effluent during the formation of “filter cake”
actually increased the chance of clogging in the irrigation drip lines and emitters.
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He suggested the manufacturers of wastewater drip irrigation systems on numer-
ous modifications to emitter design and other system components to incorporate
the suggestions of early researchers to reduce clogging and maintain distribution
uniformity.

An experiment was conducted at Farm Research Institute in China on sub-
surface drip irrigation (SDI) system related to emitter clogging for 8 years.*' The
clogging rates of labyrinth emitter, mini-pipe, and orifice reached 16.67, 25, and
63.89%, respectively. Clogging was found to be mainly caused by attached gran-
ules, and some suggestions they put forward to solve this problem were enhancing
filtration, flushing the filter timely, and improving the route of water in the emitter.
Causes of clogging are listed in Table 2.1.

The efficiency of using nitric acid and sodium hypochlorite was evaluated in
drippers with clogging caused by the use of water with high algae content in a rose
field of Holambra, Sao Paulo State, Brazil.* Researchers conducted the research
study in six, 4216 m? greenhouses, each with two sectors comprising 10 spaces or
lines, totaling 12 sectors of a dripper irrigation system. Their results on irrigation
water quality in the greenhouses indicated that the pH and iron presented moderate
risk for clogging. Chemical and physical analyses and the bacteriological count in
water were carried out in three water sources that supplied the irrigation water to
check the factors causing clogging. Evaluations were carried out on water distribu-
tion uniformity in all sectors before and after the chemical treatment in order to
evaluate efficiency. The treatment improved water distribution uniformity and led to
a reduction in the coefficient of variation for dripper flow in all sectors. There was
a good correlation between the coefficient of variation (Cv) and the water distribu-
tion uniformity index. According to them, this was an excellent method to be used
in drippers with clogging due to biological problems.

A laboratory experiment was conducted to evaluate emitter clogging in drip ir-
rigation by solid-liquid two-phase turbulent flow model simulations describing the
flow within drip emitters.* The moving trace and depositing feature of suspending
solids in emitter channels by computational fluid dynamics (CFD) were based on
the turbulent model established, which provided some visual and direct evidences
for predicting the clogging performance of drip emitters. Three types of emitters
were used with novel channel form, including eddy drip-arrows, pre-depositing
drippers, and round-flow drip-tapes. The simulation results showed that the solids
moved along a helical path in the eddy drip-arrow, but no obvious deposition existed
in its interior channel. In the pre-depositing dripper, some solids concentrated in the
parts of “depositing pones”. In the round-flow drip-tape, a small number of solids
adhered to outer edges of every channel corner, which was a potential factor for the
occurrence of emitter clogging. To verify the predictions from the CFD simulations,
a series of “short-cycle” clogging tests for the three emitters were conducted in labo-
ratory. The statistical data of discharge variation caused by emitter clogging were in
good agreement with the two-phase flow CFD simulations.

© 2016 Apple Academic Press, Inc.



Emitter Clogging: Principles, Practices, and Management 39

2.2.2.2 CHEMICAL CLOGGING

At the Tamil Nadu Agricultural University, the average clogging was found to be
20-25% in the nozzles, 34% in the micro tube, and 40% in hole and socket type of
emitters.* The study concluded that the extent of reclamation of partially clogged
emitters treated with hydrochloric acid resulted in an increase of 0.2 L-h™ when acid
concentration increased from 0.5 to 2% by volume.

A field experiment on drip irrigation was installed in gold coast farms of Santa
Maria near coastal and southern part of California.*> Researchers divided a 10-acre
field of strawberry into six plots. They used the maleic anhydride polymer injected
at 2 mg-L™" and continuous chlorine of 1 mg-L™" in four plots, and used continuous
chlorine injection only in two plots. They found that emission evaluation of poly-
mer-treated water showed only slight decrease over the 6-month growing period, but
untreated well waters indicated a decrease of 50%. They finally concluded that the
system injected with 2 mg-L™! maleic anhydride polymer supplied the actual amount
of water required for the plant needs, but the untreated tubings output decreased.

The effects of chemical oxidants on effluent constituents in drip irrigation were
evaluated with synthetic effluents rather than authentic effluents in order to realize
the role of oxidants in these processes and to obtain meaningful and reproducible
results.* Researchers studied the effects of Cl, and ClO, and their constituents. The
demand of these effluents was 5-8 mg-L™' for Cl, and 3—4 mg-L™" for CIO,. They
found that 2 mg-L™" of either oxidant caused a very fast bacteria inactivation, which
reached four orders of magnitude after 1 min. However, with respect to algae, con-
centrations up to 20 mg-L™" of either oxidant did not affect the number of algae cells,
although they caused a remarkable decrease in algal viability as expressed by its
chlorophyll content and replication ability. Both oxidants demonstrated a notable
aggregation effect on the effluents. The conclusions of the results described above
were examined in a pilot system. They suggested that continued chlorination by
5-10 mg-L™" Cl, applied directly to the drippers was not very effective. The reason
for this was the presence of clogging agents, “immune” to low CI, concentrations,
produced as early as in the reservoir, and carried down to the drippers by the efflu-
ent stream. Finally, they suggested that batch treatment combined with settling was
much more efficient as it reduced clogging significantly, because in this case, Cl,
reacted not only as a disinfectant, but also as a coagulant due to the oxidation of
humic constituents.

Enciso and Porter’” worked on a maintenance program that included cleaning
the filters, flushing the lines, adding chlorine, and injecting acids. They reported
that if these preventive measures were done, the need for major repairs, such as re-
placing damaged parts, often can be avoided and the life of the system be extended.

Precipitation of salts such as calcium carbonate, magnesium carbonate, or ferric
oxide can cause either partial or complete blockage of the drip system.*® Acid treat-
ment was applied to prevent the precipitation of such salts in drip irrigation system,
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and it was also found effective in cleaning and unclogging the irrigation system,
which was already blocked with precipitates of salts.

The past research suggested that the irrigation pumping plant and the chemical
injection pump should be interlocked because if the irrigation pumping plant were
to stop, the chemical injection pump would also stop. This would prevent chemicals
from the supply tank from entering the irrigation lines, when the irrigation pump
stops.?

The drip system should be flushed as regularly as determined by water quality,
monitoring, and recording system. Flushing process should start from the pump
onward to make sure that the filters are clean and pressure is set correctly, and
systematically, the mainline, sub-mains, laterals, and flushing manifold should be
cleaned.®

Five types of emitters with different nominal discharges were evaluated with
or without self-flushing system and with or without pressure-compensating system
under three management schemes: untreated well water, acidic treated water, and
magnetic treated water in order to reduce chemical clogging.*

In order to save money, concentrated and inexpensive technical acids should be
used such as concentrated commercial grade hydrochloric, nitric, or sulfuric acid.*
Phosphoric acid, applied as fertilizer through the drip system, can also act as a pre-
ventive measure against the formation of precipitates under certain conditions.

A comparison for clogging in emitters was made during the application of sew-
age effluent and groundwater for investigating temporal variations of the emitter
discharge rate and the distribution of clogged emitters in the system and for quanti-
fying the impact of emitter clogging on system performance.** In the experiment, six
types of emitters (with or without a pressure-compensation device) and two types
of water sources (stored secondary sewage effluent and groundwater) were assessed
by measuring the emitter discharge rate of the system at approximately 10-day in-
tervals. The total duration of irrigation was 83 days, and there was a daily applica-
tion for 12 h. The water source had a very significant influence on the level of drip
emitter clogging. Of all the emitters tested over the entire period of the experiments,
the emitters applying sewage effluent were clogged much more severely, producing
a lower average mean discharge rate 26% than those applying groundwater. They
found that different types of emitters had different susceptibilities to clogging, but
the clogging sensitivity was inversely proportional to the pathway area in the emitter
and the emitter’s manufacturing coefficient of variability (Mfg Cv). For groundwa-
ter application, the clogged emitters tended to be generally located at the terminals
of the laterals in case of emitters without a pressure-compensation device, whereas
randomly distributed clogged emitters were found for pressure-compensating emit-
ters. A more random distribution of clogged emitters was found for the sewage ap-
plication. Clogging of emitters could seriously degrade system performance. They
found that the values of the uniformity coefficient (CU) and the statistical unifor-
mity coefficient (Us) decreased linearly with the mean clogging degree of emitters.
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Finally, they suggested that to maintain a high system performance, more frequent
chemical treatments should be applied to drip irrigation system using sewage efflu-
ent than to systems using groundwater.

2.2.2.3 BIOLOGICAL CLOGGING

2.2.2.3.1 IRON BACTERIA

Emitter clogging problem occurring in certain areas of Florida was caused by iron
bacteria.*® Iron bacteria frequently thrive in iron-bearing water. It is unclear whether
the iron bacteria exist in groundwater before well construction and multiply as the
amount of iron increases because of pumping, or whether the bacteria are introduced
into the aquifer from the subsoil during well construction. Well drillers should use
great care to avoid the introduction of iron bacteria into the aquifer during the well
drilling process. All drilling fluids should be mixed with chlorinated water at 10
mg-L™! free chlorine residual.

2.2.2.3.2 SULFUR BACTERIA

Florida micro irrigation systems ceased to function properly because of filter and
emitter clogging caused by sulfur bacteria.®* Thiothrix nivea is usually found in
high concentrations in warm mineral springs and contributes to this problem. This
bacterium oxidizes hydrogen sulfide to sulfur and can clog small openings within a
short period. Beggiatoa, another sulfur bacterium, is also often found in micro irri-
gation systems. Continuous chlorine or copper treatment can control sulfur bacterial
problems.

2.2.2.3.3 MICROORGANISMS

Clogging of micro sprinklers in a Florida citrus grove was noted to be inversely
related to the orifice dimension of the emitters.*® Clogging occurred when irrigation
water from a pond was used where the water was chemically conditioned and fil-
tered through a sand media filter. Emitter clogging was caused by algae (46%), ants
and spiders (34%), snails (16%), and solid particles such as sand and bits of PVC
(4%). About 20% of the 0.76 mm orifice emitters required cleaning or replacement
during each quarter compared with about 14% for the 1.02 mm, 7% for 1.27 mm,
and 5% for 1.52 mm orifice emitters.

Pests can damage or clog emitters or system components and increase main-
tenance costs. Some pests can also cause leakage problems and others can cause
clogging. Coyotes and burrowing animals were observed to damage micro irrigation
tubing. Similarly, rats and mice chewed holes in micro irrigation tubing.’® Tortric-
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idae (Lepidoptera) larvae and pupae of Chrysoperla externa (Hagan) caused emitter
clogging.’” Emitter clogging by spiders and ants is a problem in many surface mi-
cro irrigation and micro sprinkler systems. Additional problems include damage to
spaghetti tubing and destruction of diaphragms in pressure-compensating emitters.

2.2.2.3.4. LARVAE

The larvae of Selenisa sueroides (Guenee) damaged the spaghetti tubing of micro
irrigation systems in south Florida citrus groves.”® Larvae of S. sueroides used the
spaghetti tubing on micro sprinkler assemblies as an alternate host to native plant
species with hollow stems. The S. sueroides caterpillars chewed holes in the spa-
ghetti tubing in order to enter and pupate. The deterioration appeared to be selective
as S. sueroides damaged stake assemblies constructed with black tubing to a larger
extent than that with colored spaghetti tubing.’® In addition, tubing composition
could also affect the severity of damage, and there was a higher incidence of damage
on polyethylene tubing compared with vinyl spaghetti tubing, and even less damage
on assemblies made with colored tubing.

Problems caused by the S. sueroides caterpillars can be controlled by methods
other than pesticide treatment of the emitters. Elimination of known host plants
in early autumn through herbicide application and mowing is probably more cost
effective than pesticide treatment. When infestations of S. sueroides caterpillars
persist after mid-September, spray applications of liquid Teflon® to the emitter as-
semblies provide some protection from S. sueroides larvae.

2.2.2.3.5 ANTS

Ants frequently cause clogging of emitters leading to nonuniform water application.
In addition to causing clogging, ants can also physically damage certain types of
emitters causing increased flow rates. For example, red fire ants (Solenopsis in-
victa, Buren) chewed and damaged the silicone diaphragms that control the flow
of micropulsators. Ant activities decreased the diaphragm mass (partial to complete
removal) and increased the orifice diameters. Extensive damage occurred within
a 16-month period, and more than 9000 m of micro irrigation tubing with internal
compensating emitters had to be replaced.®

2.2.2.3.6 PLANT ROOTS

Problems with plant roots affecting water flow in subsurface micro irrigation sys-
tems were observed. This was a case of “the root biting the hand that feeds it.”
Roots were found penetrating into cracks and grow within the tubing or the emitter
and restrict water flow. A control of root activity was done by chemical injection or
impregnation of the tubing, emitter, or filter with trifluralin.®! Massive root growths
were observed to physically pinch flexible tubing, thus restricting water flow.
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2.2.2.3.7 BIOFILM STRUCTURE

The bacteria in a biofilm are found to aggregate at different horizontal and vertical
sites with the highest concentration of cells occurring at the base or at the top, result-
ing in a mushroom-like shape (Fig. 2.1). The biofilms are highly hydrated with cells
making up about one-third of the volume; the rest is mostly water. The horizontal
and vertical voids provide for the flow of water through the network of cells. This
simple type of circulatory system that carries nutrients to and waste product away
from the cells is yet another example of how biofilms may function more like eu-
karyotic multicellular organisms. A wide variety of microenvironments exist within
the cell matrix. This encourages phenotypic variations among genetically identical
cells and provides for a greater diversity of species within the biofilm community.*

e

FIGURE 2.1 Biofilm structure.

2.2.2.3.8 ROLE OF BIOFILMS IN EMITTER CLOGGING

A field study of water quality and preventative maintenance procedures were con-
ducted to reduce clogging using a variety of treatment methods and emitter sys-
tems.®® The examination of clogged emitters concluded that three factors contrib-
uted to emitter clogging: (1) organic and inorganic suspended solids; (2) chemical
precipitation of calcium, magnesium, heavy metals, and fertilizer constituents; and
(3) bacterial filaments, slimes, and depositions. Authors concluded, however, that
these contributors to clogging were closely interrelated. For example, by reducing
biological slime, suspended solids were observed less likely to stick to the slime
and agglomerate inside the tubing and emitters. Microorganisms were also found
responsible for the chemical precipitation of iron, sulfur, and magnesium. For the
successful operation of drip irrigation, it is recommended to use water filtration,
chemical treatment, and pipeline flushing.

A research study was conducted in the field and laboratory using oxidation pond
effluent aimed at defining the clogging factors and mechanisms of blockage within
the emitter for developing technical measures to overcome the problem.* Two types
of influents were tested using three different emitter types. The clogged emitters
were carefully removed from the lines and were carefully opened to examine the
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contents. Researchers reported that slimy gelatinous deposits of amorphous shape
(biofilms) served as triggers for serious emitter blockage. Particles of definable
shape (inorganic solids) were found in the matrix of the gelatinous substance and
formed sediment in the emitters. It was concluded that suspended solids in the in-
fluent primarily caused emitter clogging, but the clogging process was initiated by
bacterial biofilms.

Effects of Treflan injection on winter wheat growth and root clogging of subsur-
face drippers were investigated.®® To attempt to solve the problem of root clogging
of drippers, a series of field experiments were performed in the growing seasons
of 20062008, to investigate the effects of Treflan injection on dripper clogging
by roots, and on root distribution, yield, and the quality of winter wheat (7riticum
aestivum L.) under SDI system. For each growing season, two Treflan injection
dates (March 6 and April 15 for the 2006-2007 growing season, and March 6 and
April 15 for the 2007-2008 growing season) and three injection concentrations (0,
3, and 7 mg-L™") were arranged in a randomized block experimental design. The
experimental results showed that Treflan injection effectively reduced root density
in areas adjacent to drippers, thereby significantly decreasing the potential of root
clogging. In 2007, 4 out of 35 drippers were found with root intrusion problems
in the control (without Treflan injection), whereas no root clogging existed in any
dripper in Treflan application treatments. In 2008, six drippers from the control
but only one dripper from those treated with Treflan application showed root clog-
ging. In addition, within the range of concentrations used by the current experiment,
Treflan concentrations had no significant effects on winter wheat root distribution,
yield, and quality. Injection date, however, influenced the vertical root distribution
significantly. Injection of Treflan late in the growing season influenced the root dis-
tribution only in the areas close to the drippers, and the influenced areas increased if
Treflan was injected early in the growing season.

2.2.2.3.9 BIOFILM DEVELOPMENT

Biofilm formation is thought to begin when environmental signals trigger the transi-
tion from a planktonic lifestyle to a sessile lifestyle. It appears that flagella22-medi-
ated motility are important in establishing the initial cell surface contact that leads
to the colonization of solid surfaces.®® Once a cell makes contact with the surface,
adhesion rather than motility is the key to successful colonization. The production
of specific outer membrane proteins that provide for stable attachments is necessary
for biofilm formation.®” Once the surface is colonized with a monolayer of cells, the
bacteria move across the surface organizing themselves into micro colonies. This
coordinated movement called “twitching motility” was accomplished through the
contraction of type IV pili. Cells within the microcolony secrete the exopolysac-
charide (EPS) matrix that functions like glue holding the bacterial cells together.®®
An experimental study was conducted to evaluate the performance of various
irrigation emitters widely used in Israel, using wastewater from a storage reservoir.”
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Fine particulate matter agglomerated by microbial by-products and inclined devel-
oped biomass were the principal clogging agents. They reported that the clogging
process started with emitters located at far end of the lateral, and partial emitter
clogging was more common than complete clogging.

Both field survey and experimental studies were carried out to identify the
causes of clogging™ by collecting the samples of clogging material and water for
microscopic and chemical analysis in order to. Researchers found that the colonial
protozoa occupied the irrigation equipment only at one location where the water
flow velocity was slower than 2 m's™!, and the colonies of protozoa and sulfur bacte-
ria were found attached to the walls of the irrigation equipment and growing in a di-
rection perpendicular to the surface to which they were attached. Colonial protozoa
developed in a wide range of water qualities: temperature (17-32°C), pH (6.8-9.5),
dissolved oxygen (0.5-10.4 mg-L™"), BOD (0.33-55 mg-L™"). Epystilys balanarum,
from the order Peritricha, was the species of colonial protozoa found. It was further
concluded that the size of colonies varied from single or a few cells up to several
hundred cells in a colony.

The performance was evaluated for two different types of emitters under various
filtration methods as well as the effect of chemical treatments designed to control
clogging using reservoir water containing secondary sewage effluents and storm
water runoff.”! The influent was filtered using a media filter of a uniform bed of
gravel with a mean size of 1 mm, a 140-mesh disk filter, or a 155-200 mesh screen
filter. Emitter performance was determined by automatic measurements of pressure
and flow rate in each drip lateral along with manual measurements of the discharge
rate from individual emitters. It was observed that the emitter clogging was asso-
ciated mainly with mucous products of microbial communities including colonial
protozoa, bryozoa, and bacteria.

Treated effluent was evaluated for drip-irrigated eggplant at As-Samra experi-
mental site.”” The study included the determination of soil characteristics prior to ir-
rigation and the accumulation of salts and heavy metals in the soil as well as concen-
tration of the nutrients and heavy metal accumulation in the plant tissues. Clogging
of the irrigation system was evaluated and treated, and the yield was determined.
The results of the study showed that the effluent had low heavy metal content and
moderate restriction for surface trickle irrigation. The soil analysis indicated that
after eggplant harvest, there was a slight increase in heavy metals and salt accumula-
tion at the periphery of the wet zone. Finally, it was suggested that clogging can be
successfully controlled with acid and chlorine.

A laboratory experiment in the Irrigation Department of Rural Engineering at
ESALQ, USA, was performed to evaluate the use of different chlorine doses to
recover the original flow rate for total and partial clogging of emitters.” Scientists
evaluated five different types of Netafim drippers: Streamline 100, Ram 17L, Drip
line 2000, Tiran 17, and Typhoon 20. Four chlorine levels of 150, 300, 450, and 600
mg-L™' were tested maintaining the irrigation water pH between 5.0 and 6.0 in the
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recovering process of blocked drippers. A regular water source for irrigation equip-
ment was used presenting a bacterial population of about 50,000 bacterium-L™'. So-
dium hypochlorite (12%) was used as a chlorine supply. The chlorination process
took place for 60 min, and after this period, the solution remained inside the hose for
12 h without flow. Then, the flow of each emitter was measured. Average flow, coef-
ficient of variation of average flow, and the percentage of the number of emitters at
different classes of flow reduction were analyzed. It was concluded that for all kinds
of drippers, except the Streamline, chlorine improved the flow rate.

The performance was assessed for five different drip line types receiving filtered
but untreated wastewater from a beef feedlot runoff lagoon.™ Study included five
drip line types, each with a different emitter flow rate. The emitter flow rates tested
were 0.15, 0.24, 0.40, 0.60, and 0.92 gal-h™! per emitter. Each drip line was repli-
cated three times in plots of 20 x 450 ft. Acid and chlorine were injected in drip lines
and flushed as needed to prevent algae and bacteria from growing and accumulating
in the drip lines. After 3 years of study, it was concluded that the three largest emitter
sizes (0.4, 0.6, and 0.92 gal-h™! per emitter) showed little sign of clogging and had
less than (5%) reduction in flow.

Biofouling were identified as a major contributor to emitter clogging in drip
irrigation systems that distributed reclaimed wastewater.”” Two types of drip emit-
ters were evaluated for use with reclaimed wastewater in the study. Microbial bio-
film accumulations, including proteins, polysaccharides, and phospholipid fatty ac-
ids, were tested to determine the biofilm development and diversity in the emitter
flow path. The microbial biofilm structure was analyzed using scanning electron
microscopy. The results showed that rapid growth of the biofilm and accumulated
sediments led to eventual reduction of emitter discharge, and the biofilm played an
inducing role in the clogging process and biomass growth in the emitter flow path
fluctuated as biomass was scoured off the surface areas. This study provided some
suggestions for the control of clogging and a framework for future investigations
into the role of biofilms in the clogging of drip emitters that distribute reclaimed
wastewater.

2.2.3 IMPACTS OF WATER QUALITY ON CLOGGING

Emitter clogging and crop response were evaluated in a replicated field study of
Netafim labyrinth emitters distributing primary and trickling filter wastewater plant
effluent compared with a tap water control.” Emitter clogging was determined by
measuring the flow rate at the end of one irrigation season. Data from this study
shows that more emitters clogged at the beginning of laterals than at the ends. It
may be because of the differences in pressure associated velocity heads throughout
the system. It was concluded that distributing wastewater could clog emitters, which
can lead to poor water distribution and severe crop damage. It was recommended
that (1) the effluent be screened with automatic flushing filters; (2) chemical re-
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agents, such as hypochlorite, be added to dissolve obstructions in the six emitters;
and (3) uniform emitter clogging should be maintained along the laterals by main-
taining consistent pressure heads throughout the laterals.

An experiment on trickle irrigated citrus orchard was conducted with Colorado
River water in southwestern Arizona to develop water treatment methods for pre-
venting emitter clogging and maintaining long-term operation of the system under
actual field conditions.”” The study included eight emitter systems in combination
with six water treatments during a comprehensive 4-year study. Authors found that
emitters with flexible membranes either failed after a few months of use with chemi-
cally conditioned water or showed serious deterioration and decomposition after 4
years. Finally, it was observed that the dominant causes of emitter clogging and flow
reduction were physical particles; next and minor in comparison was the combined
development of biological and chemical deposits.

An experiment was carried out at the IFAS Lake Alfred Citrus Research and
Education Center for the irrigation and fertigation study of citrus.” In the study, au-
thors measured monthly clogging percentages for a 5-year study of trickle irrigation
of citrus. They found that clogging percentages were much greater for drip emitters
as compared with spray-jets. Further, they observed that most drip emitters were
clogged by iron deposits, whereas most spray-jets were clogged by insects, and drip
emitters clogged much more frequently during low-use winter months as compared
with high-use summer months. Finally, they concluded that clogging percentages
increased annually from 2.5% in 1979 to 21.3% in 1983. Clogging percentages of
spray-jets were low (<2.5%) and were unaffected by time or season throughout their
study.

It has been observed that lime precipitate clogged the buried drip irrigation sys-
tems, which was difficult to detect, and could cause problems where water quality
was poor.” On the basis of the field trials, it was suggested that injection of phos-
phonate (organophosphorus compounds) was as effective as acid against clogging
and might cost less. The experimental procedure consisted of preparing a tank with
chemical constituents appropriate to the treatment and pumping at constant pressure
into four buried drip irrigation lines corresponding to the treatment. As the treat-
ments were being irrigated, the flow rate to each of the four drip lines was moni-
tored. The procedure was continued for each of the 16 treatments. All the treatments
were irrigated for 2-3 days, and each was irrigated 10 times during the experiment.
Finally, it was concluded that the treatments with low levels of calcium (1 meq-L™")
showed no significant clogging problem. This study indicated that acid injection
reduced clogging.

An experiment was carried out at Ft. Pierce Agricultural Research and Educa-
tion Center to evaluate clogging rates for 10 models of micro irrigation emitters for
a period of 3-5 years.*® Five spray emitter models and five spinner models were
used in a randomized complete block design with five replications. It was found that
clogging was caused by ants, spiders, or bacteria and algae. The average clogging
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rate per inspection period ranged from 2 to 38% averaging 19%. It was observed
that the emitter, which had a relatively large orifice and a mechanism to plug the
orifice when not in use, had the lowest clogging rate.

A field study was conducted to evaluate emitter clogging under different meth-
ods of filtration for the removal of suspended solids and chlorination to prevent
biofilm formation using secondary wastewater treatment plant effluent.®’ It was
concluded that sand filtration and intermittent chlorination (2 mg-L™' for 1 h every
22 h of operation) prevented clogging in pressure-compensating emitters. Finally,
it was suggested that an intermittent chlorination of 2 mg-L™' with screen filtration
and a continuous chlorination of 1 mg-L™! with sand filtration prevented clogging in
turbulent flow labyrinth emitters.

All irrigation systems require proper maintenance, and the SDI systems were
no exception.® The major cause of failures in the SDI and other micro irrigation
systems worldwide was clogging.

Many producers use drippers for trickle irrigation systems for flower production
in the field and in protected environments.® A frequent problem in this type of ir-
rigation system is the clogging of drippers, which is directly related to water quality
and filtering system efficiency.

2.2.4 PREVENTIVE MEASURES FOR CLOGGING IN DRIP
IRRIGATION SYSTEM

An experiment in southwest Portugal was carried out to investigate the causes of
emitter clogging in waste stabilization pond effluents used for drip irrigation of
crops.® The emitter that operated most successfully utilized a long water path laby-
rinth to reduce flow to required level. Clogging was shown to result from the de-
position and entrapment of sand particles within the emitter. It was concluded that
pond micro algae alone did not constitute a major hazard to the operation of drip
irrigation equipment and that waste stabilization pond effluents might be used for
drip irrigation.

The effluents of different qualities for drip irrigation were examined at the Ohio
State University Extension, Ohio Agricultural Research and Development Center
Site.® The experimental emitters were designed for use with treated wastewater
and contained antimicrobial agents to prevent emitter clogging. It was observed that
many clogged emitters recovered to near the original flow rates after the end of the
experiment.

The microbial organisms were evaluated to prevent clogging in drip irrigation
system caused by biological factors. In the study, three antagonistic bacterial strains
were used in the Bacillus spp. (ERZ, OSU-142) and Burkholderia spp. (OSU-7) for
the treatment of biological clogging of emitters. It was concluded that antagonistic
bacterial strains have the potential to be used as anti-clogging agents for treatments
of emitters in drip irrigation system. Finally, it was suggested that the use of an-
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tagonistic bacterial strains in drip irrigation may reduce or completely eliminate the
need for repetitive chemical applications to treat emitter clogging, and these strains
have the potential to be used not only for cleaning of biologically clogged emitters,
but also for biological control of pathogenic microorganisms that cause diseases in
plants watered with drip irrigation systems.

A study in Japan under Tohaku Irrigation Project was undertaken to reduce emit-
ter clogging induced by biological agents such as algae and protozoa (AP) to en-
hance the performance of drip irrigation using chlorination.*® The main objective
of the study was to quantify the impact of AP-induced changes on discharge rate
and uniformity from different types of emitters under two management schemes
of without and with chlorine injection into irrigation water. The assessment also
included different orifice areas. It was observed that there was a reduction in emitter
discharge induced by AP because of chlorine injection.

Clogging was evaluated by measuring through head loss across filters, and the
filtration quality of different filters evaluated using different effluents.?” It was ob-
served that with the meat industry effluent, the poorest quality effluent, disk filters
clogged more than other filter types. It was also found that the parameter that ex-
plained clogging, expressed as Boucher’s filterability index, was different depend-
ing on the type of effluent and filter. They suggested that the best quality of filtra-
tion was achieved with a sand filter when the meat industry effluent was used. No
significant differences were observed between the quality of filtration of disk and
screen filters when operating with the secondary and tertiary effluents.

Hydraulic performance of three drip irrigation subunits were tested®® using ef-
fluents: suspended solids and microorganism from Waste Water Treatment Plant of
Castell-Platja d” Aro (Girona, Spain). All the subunits were operated intermittently
for a total of 10 h per day, 5 days per week. The influence of different strategies
of effluent treatment was evaluated on irrigation uniformity at the subunit level. It
was concluded that with the secondary effluents, uniformity in subunit diminished
considerably because of clogging of emitters. It was also observed that clogging oc-
curred because of biological aspects.

The clogging mechanism of labyrinth channel in the emitter was examined,®
using a three-dimensional numerical model of clogging analysis. Reynolds stress
model with wall function was used to simulate the fluid flow in the Eulerian frame,
and stochastic trajectory model was adopted to track the motion of the particles
in a Lagrangian coordinate system without taking into account the agglomerating
behavior of particles. The analytical results showed that in the labyrinth channel,
low-velocity region developed ahead of each sawtooth and large vortex is shaped
just behind it. Small particles were apt to deposit in those regions than those of large
ones because of their better following behaviors. It was found that the potential
clogging regions predicted by simulation were reasonably consistent with the ex-
perimental results. Further, it was also found that the particles ranging from 30 to 50
um behaved best when passing through the labyrinth channel, and particle densities
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have a remarkable effect on the penetration only when their diameters were larger
than 50 pm.

Root intrusion into emitters poses a threat to the long-term success of SDI
systems, particularly in fibrous-rooted crops.” In this study, a Bermuda grass was
grown in a greenhouse to examine the effectiveness of chemicals in preventing root
intrusion into subsurface drip emitters in 2-year two-part experiments. During the
first year of study, two acids (sulfuric and phosphoric) and two preemergence herbi-
cides (trifluralin and thiazopyr) were tested on Bermuda grass grown in small pots.
As an initial step for the emitter clogging experiment, the first-year experiment fo-
cused on the effectiveness of the chemicals in preventing overall root growth in pots
saturated with either trifluralin or thiazopyr. It was found that only thiazopyr sig-
nificantly inhibited root growth, and visual quality of shoot growth in the thiazopyr-
treated pots was lower than the observed quality in the rest of the treatments and in
nontreated Bermuda grass. During the second year, nine treatments were prepared
based on the first-year study and were examined for the control of root intrusion into
actual subsurface drip emitters. It was observed that emitters were completely free
of roots with thiazopyr treatment at the highest concentration and with the triflura-
lin-impregnated emitter treatment under water stress. Authors concluded that root
and rhizome growth was generally unaffected by treatment.

The effects of increasing sediment concentration in irrigation water and aper-
ture size of screen filter were used on the sensitivity of some kinds of emitters to
clogging.”’ The study included four concentrations of sediments in irrigation water
(0, 70, 230, and 315 ppm) with aperture sizes of screen filter of 428.6, 179.3, 152,
and 125 wm. The results indicated that the ratio of clogging differed from emitter
to emitter under the same treatment because of the variations of emitter types and
specifications. It was observed that the emitter LL (laminar, long path, type online)
was the most sensitive to increase in suspended solids in irrigation water.

Experimental trials were conducted on the behavior of several kinds of filter
and drip emitters using poor quality municipal wastewater.”? The performance of
the emitters and filters depended on the quality of the wastewater. It was suggested
that total suspended solids (TSSs) influenced the percentage of totally clogged emit-
ters, the mean discharge emitted, the emission uniformity, and the operating time of
the filter between cleaning operations. Vortex emitters were more sensitive to clog-
ging than labyrinth emitters, and no significant difference was observed between the
same kind of emitter placed on soil or subsoil. Gravel media and disk filters assured
better performance than screen filters. Finally, it was found that the use of wastewa-
ter with a TSS greater than 50 mg-L ™" did not permit optimal emission uniformity
to be achieved.

Water from surface and underground sources was examined if it picked up par-
ticulate matter during conveyance of sands, silts, plant fragments, algae, diatoms,
larvae, snails, fishes, etc.”? It was found that as the flow slowed down and/or the
chemical background of the water changes, chemical precipitates and/or microbial
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flocs and slimes began to form and grow, and thus micro irrigation emitter clog-
ging occurred. It was suggested that section delineating the occurrences of chemical
precipitated and the chemistry of acidification was employed to mitigate clogging
caused by chemical precipitates. Finally, it was concluded that clogging resulting
from the formation of microbial flocs and slimes was controllable by acidification
as well as chlorination.

In a field experiment conducted at Hasanabad, Iran, by James," five types of
emitters with different nominal discharges, with or without self-flushing system and
with or without pressure-compensating system, were evaluated under three manage-
ment schemes: untreated well water (S)), acidic treated water (S,), and magnetic
treated water (S,) in order to reduce chemical clogging. Flow reduction rate, statisti-
cal uniformity coefficient (Uc), emission uniformity coefficient (Eu), and variation
coefficient of emitters’ performance in the field (Vf) were monitored. The emitter
performance indices (Uc and Eu) decreased during the experiment because of emit-
ter clogging. The Uc and Eu values in different management schemes confirmed
that the acidification had better performance than the magnetic water in order to
control emitter clogging and keep high distribution uniformity. Regarding Vf val-
ues, the priority of untreated and treated water was S,>S.>S for each emitter.

An experiment was conducted to evaluate the effects of emitter clogging of four
filtrations and six emitter types placed in laterals 87 m long using two different ef-
fluents with low suspended solid levels from a wastewater treatment plant for 1000
h.”* It was found that only with the effluent that had a higher number of particles did
the filter and the interaction of filter and emitter location have a significant effect.

A laboratory experiment was conducted to study the performance of three com-
mon emitter types with the application of freshwater and treated sewage eftfluent
(TSE). The three types of emitters were the inline-labyrinth types of emitters with
turbulent flow (E,) and laminar flow (E,) and online pressure-compensating type
of emitter (E). It was found that for both freshwater and TSE treatment, the emit-
ter clogging was more severe for emitter type E, because of its smaller flow path
dimension and higher manufacturing coefficient of variation. Authors reported that
main reason for emitter clogging was high pH and ion concentration in TSE treat-
ments.*

The temporal variations of emitter discharge rate and the distribution of clogged
emitters were studied in the drip irrigation system to quantify the impact of emitter
clogging on system performance.” In the experiment, six types of emitters with or
without pressure-compensating device and two types of water sources were consid-
ered. It was observed that different types of emitters had different susceptibilities to
clogging. A more random distribution for clogged emitter was found to be suitable
for sewage application. It was also reported that clogging of emitters deteriorated
the system performance seriously.

The effects of three drip line flushing frequency treatments (no flushing, one
flushing at the end of each irrigation period, and a monthly flushing during the
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irrigation period) were evaluated in surface and subsurface drip irrigation system
operated using a wastewater treatment plant effluent for three irrigation periods of
540 h each.’® It was found that drip line flow of the pressure-compensating emitter
increased 8% over time, increased 25% in case of non-pressure-compensating emit-
ter, and decreased 3% in subsurface drip lines by emitter clogging. It was concluded
that emitter clogging was affected by the interaction between emitter location, emit-
ter type, and flushing frequency treatment, and the number of completely clogged
emitter was affected by the interaction between irrigation system and emitter type.
The results of this study showed that the application of well saline water in drip ir-
rigation system had the potential to induce emitter clogging. The concentration of Fe
and Mg in well water was lower than the hazardous levels that could clog emitters.
It was found that the flow rate reduction in emitters was affected by emitter charac-
teristics and water treatment methods. Further, the acid injection treatment provided
better performance than the magnetic field. On the other hand, less flow rate reduc-
tion occurred in emitters using acidic water.

A survey on the clogging level of emitters was conducted at some agricultural
farms situated in Canakkale Turkey Onsekiz Mart University.” In the study, authors
tested the emitters under pressures of 50, 100, 150, 200, 250, and 300 kPa in labora-
tory. It was found that some of the emitters were plugged on laterals used for 2-3
years in consequence of the tests. The laboratory test showed that 15.6% of 3-year
used emitters collected from drip-irrigated land did not have any flow under an
operating pressure of 100 kPa. Finally, it was suggested that drip irrigation system
must be executed under prescribed pressure (100 kPa).

Laboratory and field testing were conducted in the hydraulic laboratory of the
Agricultural Research Council at the Institute for Agricultural Engineering in South
Africa.”® Authors evaluated 3 dripper types and 10 dripper models from two dripper
companies under controlled conditions. The field evaluation involved 42 surface
drip systems throughout South Africa where different water quality conditions and
management practices are present. Performance of these practices was evaluated
in the field twice a year for two consecutive years, and after each evaluation, one
dripper line was sampled and also tested in the laboratory. It was reported that the
performance was affected by clogging because of water quality and lack of proper
maintenance schedules.

2.2.5 ADSORPTION MECHANISM

A study was conducted on the adsorption of radiolabeled infectious poliovirus type-2
by 34 well-defined soils and mineral substrates.** Also these samples were analyzed
in a synthetic freshwater medium containing 1 mM of CaCl, and 1.25 mM of NaH-
CO, at pH 7. It was found that in a model system, adsorption of poliovirus by Ot-
tawa sand was rapid and reached equilibrium within 1 h at 4C. Near saturation, the
adsorption was described by the Langmuir equation. The apparent surface saturation
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was 2.5 X 10° plaque-forming units of poliovirus per milligram of Ottawa sand. At
low-surface coverage, adsorption was described by the Freundlich equation. It was
observed that most of the substrates adsorbed more than 95% of the virus. Among
the soils, muck and Genesee silt loam were the poorest adsorbents. Among the min-
erals, montmorillonite (MMT), glauconite, and bituminous shale were the least ef-
fective, and the most effective adsorbents were magnetite sand and hematite, which
are predominantly oxides of iron. Correlation coefficients for substrate properties
and virus adsorption revealed that the elemental composition of the adsorbents had
little effect on poliovirus uptake. Substrate surface area and pH were not signifi-
cantly correlated with poliovirus uptake. A strong negative correlation was found
between poliovirus adsorption and both the contents of organic matter and the avail-
able negative surface charge on the substrates as determined by their capacities for
adsorbing the cationic polyelectrolyte, poly diallyldimethylammonium chloride.

The adsorption processes were studied for the fabrication of layer-by-layer films
using poly-o-methoxyaniline .* It was concluded that the amount of material ad-
sorbed in any given layer depended on experimental parameters. It was observed
that the H-bonding played a fundamental role in the adsorption of polyanilines on
a glass substrate when the polymers were charged and electrostatic attraction was
expected to predominate. The probability of adsorption increased in sites where
some polymers were already adsorbed, which caused the roughness to increase with
the number of layers. Also the electrostatic attraction was the predominant factor in
the films.

Adsorption isotherm of Q-cresol from aqueous solution by granular activated
carbon'® was studied to investigate the equilibrium adsorption isotherms of Q-cre-
sol from aqueous solution by a series of laboratory batch studies. A commercial
norit granular activated carbon was used to evaluate the adsorption characteristic
of Q-cresol at different temperatures of 30, 38, and 48°C. The effect of various ini-
tial concentrations (25-200 mg-L™") and time of adsorption on Q-cresol adsorption
process were studied. The isotherm data using Langmuir and Freundlich isotherms
were used to estimate the monolayer capacity values of activated carbon in the sor-
bate—sorbent system. The results revealed that the empirical Langmuir isotherm
matched the observed data very well as compared with Freundlich isotherm. It was
also found that the adsorption capacity of Q-cresol decreased with the increase in
the adsorption temperature. The maximum adsorption capacity of 270 mg-g™' was
obtained by Q-cresol at a temperature of 30°C, 120 rpm, and 24 h of adsorption time.

In Sao Paulo State of Brazil,'*' the relationships were evaluated between sulfate
adsorption and physical, electrochemical, and mineralogical properties of represen-
tative soils. The experimental results were subjected to variance, correlation, and
regression analyses. When the adsorption was evaluated in the clay fraction, the
kaolinite content was associated with low capacities of sulfate adsorption. How-
ever, no relationship was observed between the kaolinite soil content and the sulfate
adsorption by the whole soil. No significant effects on sulfate adsorption were ob-
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served for individual hematite and goethite soil contents. On the other hand, the sum
of hematite and goethite contents was related to sulfate adsorption.

Hussain et al.'*? studied phosphorous adsorption by five saline sodic soil sam-
ples collected from Faisalabad district. They prepared 0.01M of CaCl, solution with
different concentrations of P and placed 3 g of soil in 30 mL solution of all P concen-
trations and kept the solution overnight and centrifuged, and the P in the supernatant
solution was determined calorimetrically. They calculated the adsorption of P using
the difference between the amount of P in supernatant and that added in solution and
plotted the adsorption data according to Langmuir and Freundlich equation.

The adsorption behavior of Cu on three solid waste materials was investigated'®:
sea nodule residue, fly ash, and red mud. The effects of various parameters (pH of
the feed solution, contact time, temperature, adsorbate and adsorbent concentra-
tions, and particle size of the adsorbent) were studied for optimization of the process
parameters. It was found that the adsorption of copper increased with increasing
time, temperature, pH, and adsorbate concentration, and decreased with increasing
initial copper concentration.

A laboratory experiment was conducted on synthesized hydrous stannic oxide
(HSO) and Cr (VI) adsorption behavior by means of batch experiments,'™ to test the
equilibrium adsorption data for the Langmuir, Freundlich, Temkin, and Redlich—
Peterson equations. The scientists conducted batch adsorber tests by mechanical
agitation (agitation speed: 120—130 rpm) using 0.2 g of HSO into a 100 mL poly-
thene bottle with 50 mL of sorbate solution. Different concentrations of Cr solution
were used in the range of 2.0-50.0 mg-L™'. They finally calculated the amount of
adsorbed Cr by the difference of the initial and residual amounts in the solution di-
vided by the weight of the adsorbent. It was concluded that the adsorption of Cr onto
HSO took place by electrostatic interaction between adsorbent surface and species
in the solution.

The phosphorus adsorption by Freundlich adsorption isotherm under rain-fed
conditions was examined for 10 soil series of Pothwar Plateau.'® These soils were
treated with three different P fertilizers (diammonium phosphate (DAP), single su-
perphosphate (SSP), and nitrophsophate (NP)) at equilibrium solution concentra-
tions of 10, 20, 40, 60, and 80 pg'-mL"'. Maximum Freundlich adsorption param-
eters (maximum adsorption (pug-g™") and buffer capacity (mL-g™")) were observed in
Chakwal soil followed by Balkassar soil. The minimum values of these two Freun-
dlich parameters were observed in Kahuta soil. It was observed that the maximum
value of KOC in Chakwal soil with DAP, SSP and NP, while minimum value of
KOC was observed in Bather soil with all fertilizers under investigation. A decrease
in P adsorption with successive increase in equilibrium phosphorus solution concen-
tration was recorded in all the soils under study.

A multiscale structure prediction technique was developed to study solution and
adsorbed state ensembles of biomineralization proteins.' The algorithm, which
employs a Metropolis Monte Carlo-plus minimization strategy, varies all torsional
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and rigid-body protein degrees of freedom. Authors applied this technique to fold
statherin, starting from a fully extended peptide chain in solution, in the presence of
hydroxyapatite (HAp) (001), (010), and (100) monoclinic crystals. Blind (unbiased)
predictions capture experimentally observed macroscopic and high-resolution struc-
tural features and show minimal statherin structural change upon the adsorption.
The dominant structural difference between solution and adsorbed states is an ex-
perimentally observed folding event in statherin’s helical binding domain. Although
predicted statherin conformers vary slightly at three different HAp crystal faces,
geometric and chemical similarities of the surfaces allow structurally promiscuous
binding. Finally, they compared blind predictions with those obtained from simula-
tion biased to satisfy all previously published solid-state NMR (ssNMR) distance
and angle measurements (acquired from HAp-adsorbed statherin). Atomic clashes
in these structures suggested a plausible alternative interpretation of some ssNMR
measurements as intermolecular rather than intramolecular. Finally, it was revealed
that a combination of ssNMR and structure prediction could effectively determine
high-resolution protein structures at biomineral interfaces.

An experiment was carried out on ion adsorption behavior of the polyacrylic
acid—polyvinylidene fluoride-blended polymer.'”” Authors used polyvinylidene
fluoride to remove copper from aqueous solutions. They prepared the polymer us-
ing thermally induced polymerization and phase inversion. The blended polymer
was characterized by X-ray diffraction analysis, environmental scanning electron
microscopy, X-ray photoelectron spectroscopy, and N, adsorption/desorption ex-
periments. The sorption data was fitted to linearized adsorption isotherms of the
Langmuir, Freundlich, and Dubinin—Radushkevich isotherm models. Further, they
evaluated the batch sorption kinetics using pseudo-first-order, pseudo-second-order,
and intraparticle diffusion kinetic reaction models. They found that AH° was greater
than 0, AG° was lower than 0, and AS° was greater than 0, which showed that the
adsorption of Cu (II) by the blended polymer was a spontaneous endothermic pro-
cess. The adsorption isotherm fitted better to the Freundlich isotherm model, and the
pseudo-second-order kinetics model gave a better fit to the batch sorption kinetics.

The zinc adsorption was studied in 10 soils of Punjab, varying in texture or
calcareousness.'”® Authors executed the adsorption process by equilibrating 2.5 g
soil in 25 mL of 0.01 M of CaCl, solution containing 0, 5, 10, 15, 20, 25, 70, and
120 mg of Zn per liter. Sorption data were fitted to Freundlich and Langmuir ad-
sorption models. The data were best fitted in both linearized Freundlich and Lang-
muir equations as evidenced by higher correlation coefficient values ranging from
0.87 to 0.98. High clay contents ranging from 8 to 32% and CaCO, ranging from
4.46 to 10.6% promoted an increase in the amount of adsorbed zinc in these soils.
They found that adsorption of Zn increased with the increasing level of Zn and also
increased with increase in clay content, and CaCO, contents, and the maximum
adsorption of Zn was observed in the Kotli soil, whereas the minimum was in the
Shahdara soil series.
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The experiment was undertaken on boron adsorption at the Institute of Soil and
Environmental Sciences, University of Agriculture, Faisalabad, Pakistan, in five dif-
ferent textured calcareous soils of Punjab.'® They executed the adsorption process
by equilibrating 2.5 g of soil in 0.01 M of CaCl, solution containing different con-
centrations of boric acid for 24 h. They estimated the boron adsorption using Lang-
muir and Freundlich models. They concluded that the Freundlich model was better
than the Langmuir model.

The iodide adsorption was evaluated to compare the sorption behavior of io-
date and iodide."® They collected typical soil samples at 17 locations across China.
Batch experiments of iodate and iodide adsorption were carried out by shaking soil
samples equivalent to 2.5 g dry weight with 25 mL of iodine (either iodate or io-
dide) solution. This was performed in centrifuge tubes fitted with caps, on an end-
over-end shaker (160 rpm) at 25°C and shaken for 40 h. For the sorption isotherm
studies, concentrations of KIO, in the solution were 0, 1, 2, 4, 6, 8 mg-L™" for the
two soil types from Xinjiang Province and Beijing City. The results indicated that
the capacity of iodate adsorption by the five soils was markedly greater than that of
iodide. Furthermore, detailed comparison of sorption parameters based on the Lang-
muir and Freundlich adsorption equations supported this finding showing a greater
adsorption capacity for iodate than for iodide due to higher &, values of iodate than
those of iodide.

Adsorption studies of zinc and copper ions were attempted on MMT. The ad-
sorption mechanism of the metal adsorptions was studied by the measurement of
UV-VIS DRS of Zn MMT and Cu MMT."" They used zinc nitrate, copper sulfate,
ammonium chloride, and ethylenediamine (EDA). For adsorption procedure, they
prepared the EDA-MMT by shaking MMT in concentrated EDA (0.9 g-cm ™) for 24
h, and then filtered and dried at 105°C for 2 h. They saturated the MMT and EDA—
MMT metals by shaking in the solutions of 5 mmol-L™" of Cu** and 20 mmol-L™
of Zn*" at 170 rpm for 24 h. Then they centrifuged the suspension for 24 h and
analyzed the filters for zinc and copper using atomic absorption spectrometry. They
concluded that using the DRIFT method, the amount of interlayer water in Zn MMT
and Cu MMT was similar.

Research was conducted on bottlebrush polymers and their adsorption on sur-
faces and their interactions.'? By small-angle scattering techniques, they studied
the solution conformation and interactions in solution. Surfactant binding isotherm
measurements, NMR, surface tension measurements, as well as SAXS, SANS, and
light scattering techniques were utilized for understanding the association behav-
ior in bulk solutions. The adsorption of the bottlebrush polymers onto oppositely
charged surfaces was explored using a battery of techniques: reflectometry, ellip-
sometry, quartz crystal microbalance, and neutron reflectivity. The combination of
these techniques allowed the determination of adsorbed mass, layer thickness, water
content, and structural changes occurring during layer formation. The adsorption
onto mica was found to be very different from that on silica, and an explanation
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for this was sought by employing a lattice mean-field theory. The model was able
to reproduce a number of salient experimental features characterizing the adsorp-
tion of the bottlebrush polymers over a wide range of compositions, spanning from
uncharged bottlebrushes to linear polyelectrolyte. The interactions between bottle-
brush polymers and anionic surfactants in adsorbed layers were elucidated using
ellipsometry, neutron reflectivity, and surface force measurements.

The adsorption characteristics of phosphorus were evaluated onto soil with
the Langmuir, Freundlich, and Redlich—Peterson isotherms by both the linear and
nonlinear regression methods.'" The adsorption experiment was conducted at tem-
peratures of 283, 288, 298, and 308°K to choose the appropriate method and obtain
the credible adsorption parameters for soil adsorption equilibrium studies. The re-
sults showed that the nonlinear regression method was a better choice to compare
the better fit of isotherms for the adsorption of phosphorus onto laterite. Both the
two-parameter Freundlich and the three-parameter Redlich—Peterson isotherms had
higher coefficients of determination for the adsorption of phosphorus onto laterite
at various temperatures.

A study on nZVI particles was conducted to investigate the removal of Cd," in
the concentration range of 25-450 mg-L™".'"* The effect of temperature on kinet-
ics and equilibrium of cadmium sorption on nZVI particles was thoroughly exam-
ined. They found that the maximum adsorption capacity of nZVI for Cd** was 769.2
mg-g ' at 297 K. Thermodynamic parameters were change in the free energy (G,),
the enthalpy (H,), and the entropy (S ). These results suggested that nZVI can be
employed as an efficient adsorbent for the removal of cadmium from contaminated
water sources.

A study was conducted on the adsorption behavior of Mn from an agricultural
fungicide in two southwestern Nigeria soils using batch equilibrium test.'"® They
applied two mathematical models described by Langmuir’s and Freundlich’s ad-
sorption equations. From the isotherm analysis, they found that the sorption of Mn
to the two soil types considered was best described by Freundlich model, and the
maximum adsorption capacities (kf) obtained from this model were 96.64 g-mL™
and 30.76 g'mL™" for Egbeda and Apomu soils, respectively. These maximum ad-
sorption capacities occurred at a solution pH of 5 for both soils. Finally, they found
that the solution pH values of 3 and 4 were not significantly different as well as the
solution pH values of 5 and 6 in their effects on the amount of Mn adsorbed.

A laboratory study was conducted at the research and development (chemical
laboratory) of product development in M/s Jain Irrigation System, Plastic Park, Jal-
gaon, Maharashtra, India, during 2010-2011 to know the adsorption mechanism us-
ing adsorption characteristics of Langmuir and Freundlich equations for granules of
PVC, LLDPE, silicone diaphragm (rubber button), and HDPE. The results indicated
that the percentage of clogging was maximum for LLDPE indicating 6.94—-11.1%
from day 1 to day 15 compared with other grinded materials. The minimum percent-
age of clogging was recorded as 1.12-3.03% for PVC. The results demonstrated that
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LLDPE is more susceptible for clogging in drip irrigation system.''®!"” For clogging
test, two different types of emitter type A (2 Iph) and B (41 Iph) were used. The
results of clogging test demonstrated that emitter type A was more susceptible for
clogging compared with type B. The emitter type B was superior compared with
emitter type A.

2.3 EMITTER CLOGGING: A MENACE TO DRIP IRRIGATION

The clogging agents are summarized in Table 2.2. The clogging problems can be
classified as minor, moderate, and severe (Table 2.3). The physical contributors in-
clude mineral particles of sand, silt, and clay, and debris that are too large to pass
through the small openings of filters and emission devices. Silt and clay particles
that are usually much smaller than the smallest passages are often deposited in the
low-velocity areas of the laterals where they coagulate to form masses large enough
to clog emission devices. Coating of clay particles in filters and emission devices
can also reduce water flow.

TABLE 2.2 Water Quality Factors Affecting the Clogging of Drip Irrigation Systems

Physical (Suspended Solids)

Chemical (Precipitation)

Chemical (Bacteria and
Algae)

Inorganic particles: Sand, silt,
clay

Plastic
Organic particles

Aquatic plants (phytoplankton/
algae)

Aquatic animals (zooplankton)

Bacteria

Calcium or magnesium
carbonates

Calcium sulfate
Heavy metals

Oxides, hydroxides

Carbonates
Silicates and sulfides

Oils or other lubricants,

fertilizers

Phosphate

Aqueous ammonia
Iron, copper, zinc, man-
ganese

Filaments

Slime
Microbial decomposition

Iron

Sulfur

Manganese

© 2016 Apple Academic Press, Inc.



Emitter Clogging: Principles, Practices, and Management 59

TABLE 2.3 (Continued)
TABLE 2.3  Severity of Clogging Hazard

Types of Agents Clogging Hazard

Minor Moderate Severe
Physical
Suspended solids <50 50-100 >100
Chemical
pH <7.0 7.0-8.0 >8.0
Dissolved solids® <500 500-2000 >2000
Manganese® <0.1 0.1-1.5 >1-5
Total iron® <0.2 0.2-1.5 >1.5
Hydrogen sulfide® <0.2 0.2-2.0 >2.0
Biological
Bacterial population® <10,000 10,000-50,000  >50,000

“Maximum measured concentration from a representative number of water samples using
standard procedures for analysis (mg-L™).

"Maximum number of bacteria per milliliter can be obtained from portable field samplers and
laboratory analysis. Bacteria populations do reflect increased algae and microbial nutrients.

Salinity is an important water quality factor in irrigation and does not contribute
to emitter clogging unless the dissolved ions interact with each other to form precip-
itates or promote slime growth. When irrigation water contains soluble salts, crusts
of salt often form on emission devices as the water evaporates between irrigations.
If the salt does not dissolve during the subsequent irrigation, crust accumulation will
continue, and clogging of the emission device will usually result. The factors con-
ducive to chemical precipitation are high concentrations of calcium and magnesium
and bicarbonate ions and relatively high pH of water. Temperature is also a factor
because the solubility of calcium carbonate precipitates decrease with an increase
in temperature.

The corrective treatment for controlling clogging depends on the types of clog-
ging agents. Many agents can be removed using settling basins, water filtration, and/
or periodic flushing of filters, mainlines, laterals, and emission devices. Injection of
acids, algicides, and bactericides is a common treatment used to control chemically
and biologically caused clogging.

By performing certain water analyses, possible problems can be estimated. This
is especially advisable before a new drip system is installed. The factors are rated
in terms of an arbitrary clogging hazard, ranging from minor to severe, and are
presented in Table 2.3. Following precautionary measures are mostly related to the
physical and chemical properties of water:
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Clogging Factors Remedial Measures
Poor physical quality water Filtration
Poor chemical quality water Flushing

2.3.1 FILTRATION

Adequate filtration requires the processing of water entering the system. The par-
ticle size, which can be tolerated in the system, depends on the emitter construction.
Typically, the recommendation is for the removal of particles larger than 1/10th the
diameter of the orifice or the flow passage of the emitter. One reason for this is that
several particles may group together and obstruct the passageway. This is typical
with organic particles having about the same density as water. Another reason is that
heavier inorganic particles (fine and very fine sands) tend to settle and deposit in
slow-flow zones, particularly inside walls of laminar flow emitters where the flow
rate is slow. The result of clogging may not be rapid, but it is inevitable. It may be
necessary to use a 200-mesh screen, which has a 0.074 mm (0.0029 inch) hole size
even with a passageway of 1 mm (0.04 inch) in cross section. Most manufacturers
recommend removing particles larger than 0.075 mm or 0.15 mm (0.003 or 0.006
inch), but some allow particles as large as 0.6 mm (0.024 inch). Table 2.4 summa-
rizes the minimum-sized particles that can be removed by several of these devices.
Removal of suspended particles is usually required to get optimum performance of
the drip system, because irrigation water is rarely free of suspended material. Set-
tling basins, sand/media filters, screens, cartridge filters, disk filters, and centrifugal
separators are the primary devices used to remove suspended material. The best way
to reduce or prevent clogging is by adequate filtration.
1. Suspended organic matter and clay particles may be separated with gravel
filters or screen filters.
2. Filter cleaning becomes necessary if pressure drops significantly between
the entry and the exit sides of the filter. As a rule, it is customary to clean the
filters when the allowable pressure drops (about 4 m or 0.4 kg-cm2or 6 psi).

TABLE 2.4 Filter Effectiveness

Filter Type Size Range (um)
Sand media 5-100

Sand media >20

Screen >75

Screen (100-200 mesh) 75-150

Screen (200 mesh) >100
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TABLE 2.4 (Continued)

Filter Type Size Range (um)
Sediment basins >40

Separator® >74

Separator® (two stage) >44

Slotted cartridge >152

*Separators remove 98% of particles larger than the size indicated.

2.3.2 SETTLING BASIN

A settling basin, settling pond, or decant pond is an earthen or concrete structure
using sedimentation to remove settleable matter and turbidity from wastewater. The
basins are used to control water pollution in diverse industries such as agriculture,
aquaculture, and mining. Turbidity is an optical property of water caused by the
scattering of light by material suspended in that water. Although turbidity often var-
ies directly with weight or volumetric measurements of settleable matter, correlation
is complicated by variations in size, shape, refractive index, and specific gravity of
suspended matter. Settling ponds may be ineffective at reducing turbidity caused by
small particles having specific gravity low enough to be suspended by Brownian
motion.

Settling basins are designed to retain water long enough so that suspended solids
can settle to obtain a high-purity water in the outlet and also provide the opportunity
for pH adjustment. Thickeners, clarifiers, and hydrocyclones, as well as membrane
filtration are also used in the field. Compared with those processes, settling basins
have a simpler and cheaper design, and fewer moving parts, demanding less main-
tenance, despite requiring cleaning and vacuuming of the quiescent zones at least
once every 2 weeks. Also there can be more than one settling basins in series.

Settling basins or reservoirs (Fig. 2.2) can remove large volumes of sand and
silt. The minimum size of a particle that can be removed depends on the time that
sediment-laden water is detained in the basin. Longer detention times are needed to
remove smaller particles. The basin should be constructed so that water entering the
basin takes at least a quarter of an hour to travel to the system intake. In this length
of time, most inorganic particles larger than 80 um (about 200 mesh) will settle. A
basin 1.2 m deep X 3.3 m wide X 13.7 m long (4 X 10 x 45 ft) is required to provide
a quarter hour retention time for a 57 Ips (900 gpm) stream. Removal of clay-sized
particles requires several days and is not practical unless flocculating agents such
as alum and/or polyelectrolytes are used. Settling basins may need to be cleaned
several times a year when large quantities of water with high concentrations of sedi-
ment are being passed through the basin.
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FIGURE 2.2 Setting basin to intercept sand particles.

Algae growth and wind-blown contaminants can be severe problems in settling
basins. The sides and bottom of the basin should be lined to discourage vegetative
growth, and chemical treatment with chlorine or copper sulfate may be required to
control algae. Because of these problems, settling basins are recommended for use
with drip systems only in extreme circumstances.

2.3.3 SAND MEDIA FILTERS

Sand or gravel or media filters (Fig. 2.3) are used for filtering out heavy loads of
very fine sands and organic materials. These consist of layered beds of graduat-
ed sand and gravel placed inside one or more pressurized tanks. They effectively
remove suspended sands, organic minerals, and most other suspended substances
from the surface and groundwater. Also, long, narrow particles, such as some algae
or diatoms, can be caught in the multilayered sand bed than on the surface of a
screen. They do not remove very fine particles (i.e., silt and clay) or bacteria. Media
filters are relatively inexpensive and easy to operate. It is generally recommended
that the filter material be as coarse textured as possible but fine enough to retain all
particles larger than one-sixth the size of the smallest passageway in the drip irriga-
tion system. Filter materials should be large enough not to be removed during filter
cleaning processes. A recommended practice is to use a screen filter downstream
from the media filter to pick particles that escape during backwashing.
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FIGURE 2.3 A typical sand media filter and backwash process for cleaning (bottom figure).

Factors that affect filter characteristics and performance are water quality, type
and size of sand media, flow rate, and allowable pressure drop. A sand media filter
can handle larger loads of contaminants than a screen of comparable fineness. It can
do it with less frequent back flushing and a smaller pressure drop.

However, sand filters are considerably more expensive. They are generally used
only when a screen filter would require very frequent cleaning and attention or to
remove particles smaller than 0.075 mm (0.003 inch).

The sand media used in most drip irrigation filters is designated by numbers.
Numbers 8 and 11 are crushed granite, and numbers 16, 20, and 30 are silica sands.
The mean granule size in micrometers for each media number is approximately
1900, 1000, 825, 550, and 349 for numbers 8§, 11, 16, 20, and 30, respectively.
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At a flow velocity of 17 L-sec''m? (25 gpm-ft?) of bed, numbers 8 and 11
crushed granite remove most particles larger than 1/12th of the mean granule size or
approximately 160 and 80 pum, respectively. The silica sand numbers 16, 20, and 30
remove particles approximately 1/15th the mean granule size or approximately 60,
40, and 20 pum, respectively.

Typically, the initial pressure drop across numbers 8, 10, and 16 media is be-
tween 14 and 21 kPa (2 and 3 psi). For number 20 and 30 media, it is approximately
34 kPa (5 psi). The rate of pressure drop increase is usually linear with time for a
given quality of water and flow rate. Assuming 1.0 unit of pressure drop per unit of
time for a number 11 media, the units of pressure drop per unit in time across the
other media would be 0.2 unit for number 8 media, 2 units for number 16 media,
8 units for number 20 media, and 15 units for number 30 media. For example, if it
takes 24 h for the pressure drop to increase by 34 kPa (5 psi) across a number 11
media, it would take only about 3 h for the same increase across a number 20 media.
The maximum recommended pressure drop across a sand filter is generally about 70
kPa (10 psi or 0.6 kg-cm™2).

2.4 SUMMARY

The orifices in the drip lines or the emitters emit water to the soil. The emitters al-
low only the discharge of few liters or gallons per hour. The emitters have small
orifices, and these can be easily obstructed. For a trouble-free operation, one should
follow these considerations: pay strict attention to filtration and flushing operation.
Maintain an adequate operating pressure in the main, sub main, and lateral lines.
Flushing and periodic inspection of the drip irrigation system are a must. For ef-
fective filtration efficiency, we must maintain the system in good condition, and it
is not obstructed by the clogging agents. For this, pressure gauges are installed at
the entrance and the exit of a filter. The frequency of flushing depends on the wa-
ter quality. Some recommendations for an adequate maintenance are cleaning with
pressurized air, acids, and chlorine.

The review of literature on studies on clogging mechanism in drip irrigation
system indicated that the clogging of emitters can occur because of three clogging
agents®: (a) physical clogging, (b) chemical clogging, and (c) biological clogging.
Most of the clogging studies suggested flushing, chlorination, combination of filtra-
tion, emitter design, and field practices in order to reduce emitter clogging. This is
all about the temporary solution to reduce clogging. But the information is not avail-
able on the initial adsorption mechanism of clogging of emitters in drip irrigation
system for evolving strategies for reducing clogging, and such studies were very
few or not done previously.
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3.1 INTRODUCTION

Drip irrigation provides water with uniform rate, precisely controls the amount of
water, increases crop yield, reduces evapotranspiration and deep percolation, and
decreases dangers of soil degradation and salinity.'” Well-aerated conditions (ap-
propriate proportion of soil and water) can also be maintained. In addition, drip
irrigation can supply water at low discharge rates and high frequencies over an ex-
tended period and minimize salinity levels in the soil water by leaching the salts.*
Because of point-source characteristics of drip irrigation, salts will be pushed to-
ward the fringe of the wetting area along with water and can form a desalinization
zone at its center, in close proximity to the emitter.>* Many studies have shown that
drip irrigation on saline soil is an important method for improving saline land.”®

Drip irrigation system applies precise amount of water to the crop at the right
time and ensures its uniform distribution in the field. Although it is the most effi-
cient method, the suspended salts and solids in groundwater (GW) can lead to a high
risk of system failure due to clogging of the drippers and difficulties in filtering. In
drip irrigation system, quality of water, emitter characteristics, and filter efficacy
play key roles to minimize clogging. However, other factors being the same, the
most important feature for success is good filtration system.!%!!

In India, gravel media filters, screen filters, and disk filters are commonly used
to remove sediments from water for drip irrigation. According to Capra and Sci-
colone,'? screen filters are not suitable for use with wastewater, the exception be-
ing diluted and settled wastewater. They also observed almost similar performance
by disk and gravel media filters with treated municipal wastewater. Besides, many
researchers have conducted studies with freshwater and wastewater using drip ir-
rigation mostly by surface placement of laterals and also under laboratory condi-
tions.'>"!5 Subsurface drip irrigation (SDI) has not been evaluated to use GW. Thus,
there is a need to develop a methodology for utilizing GW through drip irrigation
on sustainable basis.

Therefore, the present study was conducted under actual field situations using
surface and subsurface drip with two types of filters so that some guidelines can be
suggested on use of drip irrigation with GW.

3.2 MATERIALS AND METHODS
3.2.1 WATER RESOURCE

The field experiments were conducted at Precision Farming Development Centre
of Water Technology Centre, IARI, Pusa, New Delhi. Randomized block statisti-
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cal design was used. The GW was collected from the tube-well installed at Indian
Agricultural Research Institute (IARI), New Delhi, India. Water samples were ana-
lyzed for pH, electrical conductivity (EC), total solids (dissolved and undissolved),
turbidity, calcium, magnesium, carbonate, and bicarbonate according to the standard
methods. '

3.2.2 EXPERIMENTAL SETUP

Drip irrigation system was installed as shown in Fig. 3.1. In-line lateral (J-Turbo
Line) with 40 cm emitter spacing was laid on the ground for surface drip and was
buried at a depth of 15 and 30 cm from ground surface for subsurface drip. Filtration
system included sand media filter (F1: flow rate 30 m*h™', 50 mm size, silica sand
1.0-2.0 mm, thickness 80 cm) with back flush mechanism and disk filter (F2: flow
rate 30 m*h™!, 20 mm size, 130 um, disk surface 1.198 cm?, screen surface 815 cm?
AZUD helix system, model 2NR). Water was allowed to pass through the combina-
tion of filters F1 and F2. Main line (50 mm diameter, PVC pipe) was connected to
sub-mains (35 mm diameter, PVC pipe) for each of the plots through a gate valve.
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FIGURE 3.1 Layout of the field experiment.
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3.2.3 OPERATIONAL PROCEDURE

The GW collected from the tube-well was stored in a tank (Fig. 3.1). Water from the
tank was fed to the filtration system and then allowed to pass through emitters. The
pump was turned on, and emitters were allowed to drip for approximately 2 min to
allow air to escape. The water collection period was set at 5 min. Quantity of flow
of water from drip emitter was collected in containers at 98.06 kPa pressure and was
repeated three times.

The flow rate was estimated by dividing the total volume collected by the time
of collection. The measurement was taken from randomly located sampling emitters
for the determination of parameters of performance evaluation. Discharge from SDI
laterals were measured by excavating the soil around the buried drip laterals so that
an emitter is visible with sufficient space below it for the placement of the container
to collect water from the emitter as suggested by Camp et al.'” and Magwenzi.'®
Performance of the system was evaluated at normal operating pressure to discharge
sufficient water for infiltration and to avoid ponding near the emitters. According to
the recommendation of the manufacturers, an operating pressure of 98.06 kPa was
considered appropriate. To achieve accurate pressure, emitter-level measurement
was done at the lateral with digital pressure gauge having the least count of 0.01
kPa.

3.2.4 PARAMETERS OF PERFORMANCE EVALUATION
3.2.4.1 HEAD-DISCHARGE RELATIONSHIP OF EMITTERS

A numerical description of pressure flow characteristics for a given emitter device
is based on the flow rate versus pressure curve fitted to an equation of the following
form:

SD
Cv, = 7100 (1)
where is the emitter flow rate (m3>s™'); is the emitter coefficient that accounts for
real discharge effects and makes the units correct (L-s™"); is the pressure head in
the lateral at the location of emitters (m), and is the exponent characteristic of the
emitter (dimensionless).

The exponent indicates the flow regime and emitter type and typically ranges
between 0.0 and 1.0. This exponent is a measure of flow rate sensitivity to pressure
change. A higher value for indicates higher sensitivity. The emitter exponent and
constant value were derived using polynomial regression.
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3.2.4.2 COEFFICIENT OF VARIATION

The coefficient of variation (CV) of the emitter discharge in a lateral was calcu-
lated'*?° using the following equation:

SD
where SD is the standard deviation of emitter discharge (L-h™!) and is the mean
discharge in the same lateral (L-h™!). Minimum value of CV was observed at 98.06
kPa pressure. As such, it was selected as the operating pressure for further study of

clogging.

3.2.4.3. EMITTER FLOW RATE (% OF INITIAL)

The emitter flow rate (% of initial, ) was calculated as follows:

rR=—1"100 3)
Tini
where is the mean emitter discharges of each lateral (L-h™), and __ is the corre-
sponding mean discharge of new emitters at the same operating pressure of 98.06
kPa (L'h™).

3.2.4.4 UNIFORMITY COEFFICIENT

Uniformity coefficient by Christiansen?' was calculated as follows:

1 n
UC =100 1—M
“)

q

where | is the measured discharge of emitter i (L-h™), is the mean discharge at drip
lateral (L-h™"), and is the total number of emitters evaluated.

3.2.4.5. VARIATION IN FLOW RATE (Q

VA R)

Emitter flow rate variation > was calculated using the following equation:

_ qmax _Qmin

qvar - qmax (5)
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where _is the maximum flow rate (L-h™") and __ is the minimum flow rate (L-h™").

3.2.5 STATISTICAL ANALYSIS

Statistical analysis was carried out using the GLM procedure of the SAS statistical
package (SAS Institute, Cary, NC, USA). The model used for analysis of variance
(ANOVA) included water from different filters and placement of lateral as fixed ef-
fect and interaction between filtered water and depth of emitter. The ANOVA was
performed at probabilities of 0.05 or less level of significance to determine whether
significant differences existed among treatment means.

3.3 RESULTS AND DISCUSSIONS
3.3.1 CHARACTERIZATION OF WATER

The physical and chemical characteristics of GW are presented in Table 3.1. It was
observed that the EC value for the GW was from 1.89 to 2.58 dS-m ™! with an average
of 2.16 dS'm™". Higher EC values indicate that salt content in the GW contributes
more to chemically induced emitter clogging. Variation in pH values was 6.95-8.57
with a mean value of 7.40 indicating slight basic nature of GW. The pH may not
have direct impact on clogging, but it can accelerate the chemical reactions or bio-
logical growth involved in clogging.”>* Variation in the values of total solids was
in the range of 800—1533 mg-L™! with a mean value of 967 mg-L™". Highest value of
total solids (1533 mg-L ") was observed in the month of May.

TABLE 3.1 Physicochemical and Biological Properties of Water Used for Irrigation

Properties Units Groundwater
Mean + SD
Ca mg-L™! 44.58 £8.27
CoO, mg-L™! 58.0 +8.23
EC dS'm™ 2.17+0.25
HCO, mgL™! 364.33 +£70.7
Mg mgL™! 3528 £5.81
pH - 7.4+0.43
Total solids mg-L™! 967.4+212.6
Turbidity NTU 1.50 +0.52
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Turbidity had negligible values with a maximum of only 2 NTU. Variation in
calcium content of GW was in the range of 36-66 mg-L™! with an average of 45
mg-L™'. Variation in magnesium content was in the range of 23—42 mg-L™"' with
a mean value of 36 mg-L™'. Carbonate content of GW was in the range of 48—78
mg-L™! with a mean value of 58 mg-L™'. Variation in bicarbonate content of GW
was in the range of 264-496 mg-L ™' with a mean of 364 mg-L™". The presence of
carbonate was lower in comparison with bicarbonate. This also gives an indication
of the presence of magnesium carbonate in GW. On the basis of these quality param-
eters, it can be concluded that clogging problem could be encountered with the GW
through drip irrigation system.

3.3.2 EMITTER HYDRAULICS

Coefficients for equation (eq 1) were decreased with the time of operation of emit-
ters in all filtration systems as a result of partial clogging (Table 3.2). Theoretically,
the exponent for the emitter was 0.5, which comes under the category of completely
turbulent hydraulic regime.?* In normal operating pressure range, exponent was less
than 0.5 for all depths of placement of drip laterals. But the difference was higher
under subsurface placement of drip lateral at 30 cm depth. Similar trend was ob-
served for discharge coefficient (). The coefficient of regression (?) was 0.99 for all
situations, and this indicated that the equation described the flow—pressure relation-
ship precisely.

TABLE 3.2 Relationships for Emitter under Combination Filtration System

Filter Placement of Stage Coefficient, C Exponent,x R?
Lateral
Combination of Surface Beginning  3.548 0.494 0.99
F1 and F2
Middle 3.446 0.494 0.99
End 3.350 0.493 0.99
Subsurface (15 Beginning 3.548 0.494 0.99
cm)
Middle 3.431 0.494 0.99
End 3.350 0.493 0.99
Subsurface (30 Beginning  3.548 0.494 0.99
cm)
Middle 3.415 0.493 0.99
End 3.298 0.492 0.99
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3.3.3 COEFFICIENT OF VARIATION OF EMITTER DISCHARGE
cv,)

The CV of the discharge for the combination of both filters is presented in Fig. 3.2.
In the beginning, maximum CV of 1.25% was observed under surface and subsur-
face placement of drip laterals. As shown in Fig. 3.2, after 1 year (beginning) in the
entire depth of placement, CV was less than 5%. Hence, the performance can be
rated as excellent.”® But after 2 years of experimentation (end of experiment), maxi-
mum variation of 9.5% was observed under subsurface placement of drip laterals at
15 cm depth. Maximum deviation of 5.06% was observed under subsurface place-
ment of drip laterals at 30 cm depth. The results indicate that 1-year operation of the
emitters did not cause much variation, but continuous 2 years of operation caused
significant variation in emitter discharge. This is also supported by the computation
of the standard error, which was lower in the first year but was significantly higher
in the second year under entire depth situation. Coefficient of variation in subsurface
placement condition was always poor than surface placement.

WBeginning “@Middle ®@End

Coeflicient of variation (%)

Surface Subsurface 15 cm Subsurface 30 cm

Position of emitter

FIGURE 3.2 Coefficient of variation in emitter discharge under different filtration systems
at 98.06 kPa pressure.

3.3.4 EMITTER FLOW RATE

Maximum reduction in flow rate was observed under subsurface placement of drip
laterals at 30 cm depth and minimum was observed under surface placement of drip
laterals. Reduction in discharge was within these two values (Fig. 3.3). The statisti-
cal analysis revealed that after 2 years of experiment, there was a significant effect
of filter, emitter placement, and their interaction on the discharge of drip emitters
(Table 3.3). In the beginning of the experiment, there was no significant effect of
emitter placement and their interaction with filtered water because emitters were
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new and there was no clogging. After continuous use, clogging takes place, and the
effect of different filtration systems starts showing up in the discharge of emitters.
At the end of 1 year, the effect of filtration system was significant, but the effect of
emitter placement was not significant. Both were significant after 2 years of use.
These results indicated that clogging is a dynamic phenomenon over time.*

emgmm Surface
=l Subsurface 15cm
i Subsurface 30cm

Flow rate (% of initial)
&

8

Time (h)

FIGURE 3.3 Emitter flow rate (% of initial flow rate) under different filtration systems for
the GW at 98.06 kPa pressure.

TABLE 3.3 Significance Level (-Value) of the Statistical Model and of Each Factor and
Interaction for Emitter Flow Rate

Parameter Time

Beginning 1 Year 2 Years
Model (?=0.97)* (>=0.87)** (*=0.93)*
Filter (F) NS ** *
Emitter placement (EP) NS NS oAk
F x EP NS ** *

Note: NS, not significant, > 0.05; * <0.001;** <0.01; *** <0.05.
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3.3.5 UNIFORMITY OF WATER APPLICATION

Variations in uniformity coefficient and flow rate are presented in Table 3.4. Least
variation in flow rate with maximum uniformity was observed at the beginning of
the experiment. Variation in flow rate was increased with the operation of drip sys-
tem, and maximum variation with minimum uniformity coefficient was reached at
the end of 2 years of experimentation. Performance of filter combination could be
rated as good.”” After 2 years, minimum uniformity coefficient was 92.54 under
subsurface placement of drip laterals at 30 cm depth. As per general criteria for _,
values of 0.10 or less are desirable, 0.1-0.2 are acceptable, and greater than 0.2 are
unacceptable. Two out of three depths gave variation in flow rate under acceptable
limit.

TABLE 3.4 Uniformity Coefficient and Variation in Flow Rate () Resulting from the
Performance Evaluation of Drip Irrigation System

Filter Depth of Uniformity Coefficient Variation in Flow Rate (q )
Placement .. -
of Lateral Beginning 1 Year 2 Years Beginning 1 Year 2 Years
Combination Surface 99.07 97.29 95.55 0.048 0.102 0.131
of filters Subsurface 99.02 96.02 9350  0.048 0.100  0.160
15 cm
Subsurface 99.07 94.71 92.54 0.048 0.126  0.211
30 cm

3.4 CONCLUSIONS

The hydraulic performance of the drip emitters revealed that for continuous use
of the GW, filtration with a combination of gravel and disk filter is the most ap-
propriate strategy against emitter clogging. It resulted in a better emitter discharge
exponent, a reasonably good coefficient of variation, and uniformity coefficient.
Performance of emitters was lower under subsurface placement of drip laterals in
comparison with subsurface placement of drip laterals.

3.5 SUMMARY

Drip irrigation is the most efficient irrigation method because it applies water pre-
cisely and uniformly at high frequencies, maintaining high soil matric potential in
the root zone for crop growth. Scarcity of freshwater is putting a lot of pressure
on irrigation engineers for its judicious use in agriculture. Utilization of GW for
irrigation through drip irrigation system is the best choice to reduce the demand of
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freshwater under irrigation sector. Since clogging is the major problem associated
with GW utilization through drip irrigation system.

Physical and chemical characteristics of the GW were determined, and the effect
of water quality on the performance of emitters was evaluated. Although higher EC,
pH, Mg, and carbonate were observed, lower turbidity, total solids, and HCO, were
also observed. Surface placement of drip laterals in comparison with subsurface
placement of drip laterals gave emitter discharge exponent close to 0.5 with an 2
value of 0.99. Emitter flow rate was decreased with the increase in time of operation
of the system. Coefficient of variation less than 4% showed excellent performance
in surface-placed drip lateral after 2 years of operation. After 2 years, coefficient of
variation (CV) of 9.5% was observed under subsurface placement of laterals at 15
cm depth, but 5.1% was observed under subsurface placement of laterals at 30 cm
depth.
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CHAPTER 4

CHALLENGES IN CLOGGING UNDER
SUBSURFACE DRIP IRRIGATION:
SOUTH AFRICA
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4.1 INTRODUCTION

South Africa is a dry country with a rainfall below world average, which is distrib-
uted unequally throughout the country. This rainfall is also highly irregular in occur-
rence, and the demand for water has created pressure for the optimal use of all water.
Therefore, many farmers invest in drip irrigation as an improved or most efficient
irrigation method for water conservation. However, there is proof from literature
and from this research that this system can also be inefficient as a result of water
quality, mismanagement, clogging, and maintenance problems.

The South African National Water Act (Act 36 of 1998) makes provision for
water to be protected, used, developed, conserved, managed, and controlled in a sus-
tainable and equitable manner to the benefit of all people in South Africa.!? Current-
ly, subsurface drip systems (SDI) account for +7,500 hectares of the total of 140,000
hectares under drip irrigation in South Africa out of a total of 1.3 million-ha.

To assist the users to utilize the systems effectively, this research was carried
out to determine the blockage potential of different types of emitters under field and
laboratory conditions.

4.2 METHODOLOGY

Research was carried out by the Agricultural Research Council — Institute for Agri-
cultural Engineering (ARC-IAE) on three drip irrigation equipments (by different
suppliers of drip irrigation systems) to determine the blockage potential due to root
intrusion. Research was carried out in an experimental field on five different types
of emitters, and retrieved dripper lines from the experimental field were tested in the
laboratory. Evaluations were also carried out in the field under farming conditions.

First, an extensive literature study on all facets that can influence different types
of emitters under field conditions was undertaken. Aspects that were addressed in
this study include water quality, water treatment methods, inherent factors that af-
fect emitter performance, filtering, chemical treatment of the soil surrounding the
dripper lines, system maintenance, system installation, and design.

4.2.1 SELECTION OF DRIPPERS

Agriplas, Netafim, and T-Tape companies (Table 4.1) were selected to determine the
blockage potential of different types of emitters using five models.
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TABLE 4.1 Five Types of Emitters under Study

Emitter Name 0 Lateral Aperture Type Zone®
(Manufac- i Flow Path? Type® (Code)
Iph
turer)
DIS PC Lite Turbulent pres-  Tube, thick 2 x 2 mm 8 (A400)
. 2.2 sure compen- wall O circular
(Agriplas)
sated aperture
Drinin Lieht Tube, thick 2 x3 mm 5 (AS500)
ripin Lig wall .
(Agriplas) 1.7 Turbulent d circular
aperture
Ram 17L (Ne- Turbulent pres-  Tape, thin 3 mm 6 (A200)
1.6 sure compen- wall J circular
tafim)
sated aperture
S Tvoh Tape, thin 1.8 mm 4 (A300)
uper oon
(NIe) o ﬁmYI)) 1.7 Turbulent wall O circular
aperture
Tape, thin 32 mm 7 (A100)

T-Tape (T-Tape) 1.0 Turbulent wall longitudinal slit

Note: Q is the Delivery rate, nominal.

*Flow path: turbulent flow path, this is when obstacles are placed in the flow path of the
water in an emitter, to reduce kinetic energy in the water to change it from laminar flow to
turbulent flow; pressure compensated, this is when a diaphragm is introduced in an emitter,
depending on the pressure in the dripper line, to regulate the area of the flow path to maintain
a constant flow rate.

“Lateral type: tape, thin wall, emitter lines with a wall thickness of 0.5 mm or less; tube, thick
wall, emitter lines with a wall thickness more than 0.5 mm.

<Zone refers to a group of experimental blocks of a specific flow path.

4.2.2 LABORATORY TESTS ON DRIPPERS

The new drip lines with emitters were tested under controlled conditions in the
Hydro Laboratory of ARC-IAE for average discharge (g ) and for the manufacturing
coefficient of discharge variation (CVq). These values were used as a reference base
in the evaluation of the experimental site and infield performance of the particular
emitter types. Both g and CV, were determined for a total sample of 100 emitters,
as well as for four groups of 25 emitters in accordance with the International Stan-
dards Organisation® and expressed as in eqs 1-3:

1 n
P W !
7 nlz::,q, M
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- -L 3oy | o

CV =i><100 (€)
P
q
where ¢, is the emitter discharge rate (L/h); 7 is the number of emitters of the sam-
ple; g is the mean of all the measured discharge rates (L/h); S, is the standard devia-
tion of the discharge rate of the emitter; and CV, is the coefficient of variation of the
discharge rate of the emitters (%).

The coefficient of manufacturing variation (cv,) is used as a measure of the
anticipated variation in discharge for a sample of new emitters. The CV is a very
useful parameter with rather consistent physical significance, because the discharge
rate for emitters at a given pressure is essentially normally distributed. Criteria for
CV, are given in Table 4.2.

TABLE 4.2 Criteria for CV(1 (%) of “Point-Source” Drippers

ASAE EP ISO
Classification Classification ARC-IAE

405.1 (1997)
Excellent <5 Excellent 0.1-2.5
Average 5-7 Good 2.6-5.0 0.1-5.0
Marginal 7-11 Fair 5.1-7.5
Poor 11-15 Marginal 7.6-10 5.1-10
Unacceptable >15 Poor >10 >10

Note: The physical significance of CVq is derived from the classic bell-shaped normal
distribution curve as shown in Fig. 4.1.

‘ Average ‘

| 7 »NEEED
/ NI

[ Av—zclvq'b N \ AV2CV, |

Number of Emitters
i
-
|
5
8

Emitter Discharge
FIGURE 4.1 Normal distribution curve.

© 2016 Apple Academic Press, Inc.



Challenges in Clogging Under Subsurface Drip Irrigation 93

In a normal distribution, the following conditions are satisfied:

 Essentially all the observed discharge rates fall within (1 + 3CVq) of the aver-
age discharge rate.

» Approximately 95% of the discharge rates fall within (1 + 2CV) of the aver-
age discharge rate.

* Approximately 68% of the discharge rates fall within (1 + 1ICV) of the aver-
age discharge rate.

» The average of the lowest quarter of the discharge rates is approximately =
(1-1.27CV) of the average discharge rate.

4.2.3 TESTS ON EMITTERS RETRIEVED FROM THE
EXPERIMENTAL SITE

To evaluate the impact of root intrusion, a statistical-based design and layout of 40
blocks with five dripper types was installed at a site at ARC-IAE. All blocks were
managed according to acceptable norms, and 20 of them were managed by applying
a root growth inhibitor (Treflan) with the purpose to evaluate the prevention of root
intrusion. Laterals were retrieved from the experimental site after 19, 30, and 42
months for testing in the laboratory.

The test results on the retrieved emitters are discussed in terms of functional
and clogged emitters. “Functional emitters” are those emitters that delivered water,
independent of flow rate, with a delivery rate more than zero liters per hour. The
variance in discharge rates (delivery rates) of the functional emitters is discussed
in the relevant paragraphs under discharge categories. The functional emitters were
divided into three discharge categories, namely, the reduced discharge, the average
discharge, and the increased discharge. The categories are based on the CVCl values
of the tests of the specific dripper laterals.

Clogged emitters are discussed in terms of root clogged and other clogged emit-
ters. “Clogged emitters” indicate either root clogged or other clogged with the fol-
lowing definition:

* Root clogged emitters indicate emitters that were clogged by roots, as ob-

served in the orifices or in the labyrinths or dripper mechanisms.

* Other clogged emitters indicate those emitters clogged by soil, organic mat-

ter, for example, algae or any foreign matter, excluding roots.

4.2.4 EMITTER DISCHARGE CATEGORIES

In a further analysis to understand the impact of clogging better, the data of different
zones were divided into different discharge categories. The tested emitter discharge
values of retrieved emitters were categorized according to the CV_and discharge
values of the similar new dripper lines.
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The discharges of functional emitters were tabled into three different categories.
A graphical illustration of the categories can be seen in Fig. 4.2. The categories were
defined as follows:

* Reduced discharge: The “reduced discharge category” is where the discharge
rates of the emitters fall below the discharge rate of Av minus 2 X (CVq).

» Average discharge: The average discharge is written as Av and the “coef-
ficient of variation” as Cv, (Fig. 4.1). The “average discharge category” is
where the discharge values fall between Av minus 2 X (CVq) and Av plus 2
(CV).

* Increased discharge: The “increased discharge category” is where the dis-
charge values are more than Av plus 2 X (CVq).

| Test Resuilts |

|
I Function aII | Clt:Tgecl |

| E)ischarge Categories | | |
[ Root Clogged | Other Clogged |
| |

[Reduced | Average [Increased]

FIGURE 4.2 Graphical structure of test results for discussion.

4.2.5 FIELD EVALUATION OF DRIP SYSTEMS

With regard to the field evaluation, two areas in Southern Africa were identified:
Mpumalanga Lowveld and Swaziland. In these areas, a total of five systems were
identified. The performance of these systems was evaluated in the field. Different
measurements were taken to determine possible causes of clogging problems and to
calculate the performance parameters of the irrigation systems. The measurements
included, among others, the following:

* Delivery rate of emitters

* Water analysis

* Filter efficiency

A complete system evaluation was done according to the procedure described in
ASAE EP 458, where five dripper lines were evaluated at five locations. The deliv-
ery rates of 25 emitters per irrigation block were measured. Pressure readings were

taken at the block inlets and along the manifolds. Apart from the g and CV_values,
the statistical discharge uniformity (U, %), which describes the uniformity of the
emitter discharge in the block, was also calculated as shown as follows:
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U =100-CV, Q)

A U, value of 80% or higher is normally considered as an acceptable criterion.*
The field emission uniformity (EU') was also used to judge the uniformity of emitter
discharge within an irrigation block and is shown in eq 5. Table 4.3 reveals a com-
parison between U_ and EU as suggested for design purposes.

EU’ =100 Zmn ®)
q
where EU’is the field emission uniformity (%); 9m is the measured mean of the

lowest % quarter of emitter discharge (L/h); and ¢ is the measured mean emitter
discharge (L/h).

4.3 RESULTS AND DISCUSSION
4.3.1 LABORATORY TESTS ON NEW DRIPPERS

Table 4.4 summarizes the results of the discharge and coefficient of discharge varia-
tion (CVq) tests performed in the laboratory on emitters. The typical discharge cat-
egories for the turbulent dripper (A300 in this case) are presented in Fig. 4.3. For a
turbulent pressure—compensated dripper (A200 in this case), typical discharge cat-
egories are presented in Fig. 4.4.

Categories

FIGURE 4.3 A300 turbulent dripper (new): discharge categories.

© 2016 Apple Academic Press, Inc.



96 Principles and Management of Clogging in Micro Irrigation

100 AV

%o

Categories

FIGURE 4.4 A200 turbulent dripper — pressure compensated (new): discharge categories.

Table 4.3 Comparison between U, and EU for Design Purposes*

Classification U, (%) EU (%)
Excellent 95-100 94-100
Good 85-90 81-87
Acceptable 75-80 68-75
Poor 65-70 56-62
Unacceptable <60 <50

4.3.2 LABORATORY EVALUATION OF RETRIEVED EMITTERS

Table 4.5 shows the performance of the emitters retrieved from the field. The first
set of dripper laterals were removed during February to March in year 1, 18 months
after installation. The second set of dripper laterals were removed during April to
May in year 2, after 30 months of use in the field. The third set of dripper lines were
removed from the field during February to April in year 3, after 42 months of use.
The final laboratory tests were concluded at the end of May in year 3. Table 4.6 sum-
marizes all results of the treated and untreated emitters. A summary of the impact on
emitters is shown in Table 4.7.
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TABLE 4.4 New Emitter Test Results

Drip-

Percentage Emitters in Discharge Category

Code of Sample per Aver- Discharge Discharge
: : Discharge Discharge Discharge
Dripper SIZ? cv age Discharge £AV — 8¢  <Av+ g g Discharge
Tested Units q g, L/h 2CV £Av-1CV 1CV 3Av+1CYV  3Av +2CV
(%) £Av-3CV 3Av +3CV

>Av — >Av —2CV >Av — <Av+2CV <Av+3CV
3Cv 1CV

A300 100 2.1 1.7 2 7 15 51 18 4 2

A500 100 42 2.2 10 9 11 37 14 12 6

A200 100 2.1 1.6 2 8 15 49 12 9 4

A100 100 2.4 1.23 2 2 15 61 14 5 1

A400 100 4.4 2.0 6 12 14 33 17 9 8

Note: Av: the average discharge g of the sample of 100 emitters (L/h); CV: coefficient of discharge variation of the sample (%).

uoneduu| duq adepnsqng Japun Suiddo|) ui sadus|eyd
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TABLE 4.5 Summary of the Performance of Retrieved Dripper, as Tested in the Laboratory

Year  Zone Total Functional Emitters Emitters
Emitters Emitters Clogged by Clogged by
Tested Root Intrusion  Other Means
Number % Number % Number %
2002 4 215 176 819 21 98 18 8.4
5 385 344 894 25 6.5 16 4.2
6 275 272 989 0 0.0 3 1.1
7 277 249 899 22 7.9 6 2.2
8 123 102 829 5.0 4.1 16.0 13.0
2003 4 237 159 67.1 44 18.6 34 14.3
5 315 224 71.1 79 251 12 3.8
6 266 254 955 6 2.3 6 2.3
7 314 193 61.5 111 354 10 32
8 185 133 71.9 48 259 4 2.2
2004 4 160 95 594 44 275 21 13.1
5 224 142 634 70 313 12 54
E 6 244 228 934 15 6.1 1 0.4
fé 7 229 140 61.1 86 376 3 1.3
5 8 205 112 54.6 90 439 3 1.5
2002 4 242 205 847 5 2.1 32 13.2
5 483 459 95.0 9 1.9 15 3.1
6 268 265 989 0 0.0 3 1.1
7 233 215 923 10 4.3 8 34
8 73 71 973 0 0.0 2 2.7
2003 4 191 150 785 13 6.8 28 14.7
5 _ _ _ _ _ _ _
6 266 261 98.1 0 0.0 5 1.9
7 262 197 752 45 172 20 7.6
8 465 323 69.5 77 16.6 65 14.0
2004 4 203 160 78.8 11 54 32 15.8
5 244 192 78.7 15 6.1 37 15.2
- 6 267 256 959 4 1.5 7 2.6
£ 7 219 176 80.4 38 174 5 2.3
E 8 259 228 88.0 18 6.9 13 5.0
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TABLE 4.6 Summary of All Results of the Treated and Untreated Emitters

Untreated Treated Untreated Treated Untreated Treated Untreated Treated

o
>
5
&
>
[8)¢]
X
z
8}
®
4 $2 59 8 79 10 28 2 5 21 626 760 406 430 17 15 12 15 15 =
o
5 89 63 95 79 6 31 2 6 42 195 319 138 222 22 21 17 22 22 c
>
6 99 93 9 9% 0 6 0 1 21 146 262 118 142 16 18 17 16 18 &
w
7 9 61 92 80 8 38 4 17 24 461 693 300 414 123 11 12 12 13 £
w
c
8 83 55 97 88 4 44 0 8 44 130 784 365 407 20 26 15 21 24 s
(@]
Average 87 66 04 84 56 294 26 74 304 3116 5636 2654 323 175 182 146 172 184 °
o g =
/o De 11 - - - - -2 - <
crease 3’
oQ
0, -
oln- - 425 184 Y 2 - - 7 =
S

crease

TABLE 4.7 Summary of the Impact on Emitters (Comparing Year 3 Values)

% Functional % Root Clogged CV‘l % Delivery Rate (L/h)
Average 66 84 293 7.5 56.36 32.30 1.46 1.84
% More 27 26
% Less 74 43

66




100 Principles and Management of Clogging in Micro Irrigation

From Tables 4.6 and 4.7, we can conclude the following points:

» Untreated blocks: In the Treflan-treated blocks, the emitters showed 74% less
root intrusion than the untreated blocks. The untreated blocks were 29.3%
root intruded against the 7.5% of treated block, and there was also a sig-
nificant increase in root intrusion of 425% over the 42-month period in the
untreated blocks. The impact of clogging in the untreated blocks was evident
with a 20% decrease in the emitter delivery rate and the worsening of the co-
efficient of variation (CVq) from an excellent 3.04% to a very poor 56.36%.
There was also an average of 34% of the emitters that were not functional
after the 42-month testing period.

*» Treated blocks: With the treated blocks, root intrusion could not be prevented
completely, and after the 42-month period, 16% drippers were not function-
al (i.e., however, 27% better than the untreated blocks). The impact of the
clogged drippers was that Cv, dropped from an excellent 3.04% to a poor
32.30%, which was still 43% better than the untreated blocks. However, the
average emitter delivery rate stayed fairly constant.

» Discharge categories: Dripper lines with regular emitters showed a general
tendency toward reduced average discharge due to partial or total clogging of
drippers (Fig. 4.5).

On the other hand, drip lines with pressure-compensated emitters showed a gen-

eral tendency toward increased discharge (Fig. 4.6).

FIGURE 4.5 Discharge categories: treated A300 regular dripper.
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FIGURE 4.6 Discharge categories: treated A200 pressure-compensated dripper.

4.3.3 EVALUATIONS AT FARM SITE

Different measurements were taken to determine possible causes of clogging prob-
lems and to evaluate the performance parameters of the drip irrigation systems.
A summary of the water analysis is shown in Table 4.8 (Chemical) and Table 4.9
(Biological). Different emitter performance values are summarized in Table 4.10.

The cause of low values for Simu2 can be related to the water quality (high:
clogging potential) and the medium clogging potential due to the organic content of
the water and a low filtration efficiency.

TABLE 4.8 Chemical Analysis of Water

SiteID  pH  Iron (Fe) mg/L ﬁz}“ga“ese M) 1pS g/ g?:ggg:, (‘g’f
Inyon. 695 0.39 65 8.0 Minor
Savan. 7.13 243 566 2050.0 Moderate
Simul 7.35  0.65 74 13.6 Minor
Simu2 7.31 2.80 875 430.8 High

Note: ppb: parts per billion.
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TABLE 4.9 Biological Analysis of Water

Site ID Organic Chlorophyta Clogging Potential
Inyon. <20 Low

Savan. +200 High

Simul <20 Low

Simu2 <100 Medium

TABLE 4.10 Values of Performance Parameters of Emitters

Site ID EU % EU, % U % CV, % q,.. q,.. q,.
Inyon. 90.9 89.1 90.9 9.1 1.3 1.0 1.1
Savan. 81.3 80.6 83.3 16.2 2.0 1.3 1.6
Simul 93.8 89.0 83.1 16.9 1.9 1.5 1.6
Simu2 61.6 61.6 57.2 42.8 2.9 0 1.8

This chapter indicates that the use of root growth inhibitors is important and
necessary for the effective functioning of drip lines and emitters. It was clear that
emitter performance depends on many external and internal factors. In many cases,
the performance is predictable, but there are also times when emitters can function
totally independent of external factors. An in-depth knowledge and understanding
of the emitters and their operation is then necessary to explain the difference in their
behavior. In Table 4.11, an overall summary of all the relevant factors of emitter
performance is shown to help to understand the operation and behavior of different
emitters, which are available for subsurface drip irrigation (SDI). For new regular
emitters, average coefficient of variation (CV,) was 2.2% (excellent) compared with
5.2% (good) for the pressure-compensated emitters.

TABLE 4.11 Summary of Results for Emitter Characteristics and Performance Tests for
Emitters

Pressure-Compensated

Emitter Type Regular Emitters Emitters
Code (Zone) A300 (4) A500 (5) A200(7) A100 (6) A400 (8)
2x3.0
Outlet aperture dimen- 1Z8 mm mm 13 mm 3.0 mm diam- 2'.0 mm
. diameter . . . diameter
sions . diameter  slit eter orifice .
orifice orifice

orifice
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TABLE 4.11 (Continued)

Pressure-Compensated

Emitter Type Regular Emitters Emitters

Code (Zone) A300 (4) A500 (5) A200(7) A100 (6) A400 (8)
Inlet filter aperture ) . o6 17508 04x03 1.7x06 25%1.0
dimensions (mm)

Number of apertures 22 5 370 4 4

Total inlet filter area 13 7 44 4 10
(mm?)

Flow path dimensions ;. o7 1 0x00 1.0x03 1.0%08 1.0 x 1.0
(mm)

Ratio? 1.43 1.89 1.33 2.13 2.50

Percentage clogging of the emitters by particles from inside the drip line (%)

Laboratory clogging 79 45 10 28 91
tests
Clogged field emitters 11.1 4.7 1.8 1.5 2.7

Percentage clogging of the emitters by roots only from outside the drip line (%)

Untreated emitters 28 31 38 6 44

Treated emitters 5 8 17 1 8

Discharge category

Untreated emitters Reduced Reduced Increased Increased Reduced
discharge discharge discharge discharge discharge

Treated emitters Reduced Reduced Increased Increased Average
discharge discharge discharge discharge discharge

“Ratio = LIFAD/SFPD, the smaller this ratio or number is, the more effective the inlet filter
is, where LIFAD is the “Largest” inlet filter aperture dimension and SFPD is the “Smallest”
flow path dimension.

4.4 CONCLUSIONS

Drip irrigation is considered as the most efficient irrigation system. However, based
on past research and this study, it was found that drip irrigation system can also be
inefficient as a result of water quality, root intrusion mismanagement, emitter clog-
ging, and maintenance problems. The use of root growth inhibitors in the SDI sys-
tem should be done according to the relevant recommendations from the suppliers
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of the chemicals. This is to establish the registration (legal approval) of the specific
product for use on the specific crop in SDI applications.

At the experimental site and for the Treflan-treated blocks, the emitters showed
74% less root intrusion than the untreated blocks. The untreated blocks were 29.4%
root intruded against the 7.5% of treated blocks, and there was also a significant
increase in root intrusion of 425% over the 42-month period in the untreated blocks.
The impact of clogging in the untreated blocks was evident with a 20% decrease in
emitter delivery rate and the worsening of the CV from an excellent 3.04% to a very
poor 56.36%. There was also an average of 34% of the drippers that were not func-
tional after the 42-month testing period. With the treated blocks, root intrusion could
not be prevented completely, and after the 42-month period, 16% drippers were
not functional (i.e., however, 27% better than the untreated blocks). The impact of
the clogged drippers was that the CV dropped from an excellent 3.04% to a poor
32.30%. However, average emitter delivery rate stayed fairly constant.

For the farm site evaluations, the CV varied from a marginal 9.1% to a poor
42.8%. The emission uniformity (EU) varied from a good 89.1% to an unacceptable
61.6%. The research concluded that the practice of subsurface drip must be done
with caution and that good management and maintenance practices with the chemi-
cal treatment of the soil surrounding the dripper lines are of utmost importance.

4.5 SUMMARY

Clogging of the emitters is one of the most serious problems associated with SDI.
Various approaches in preventing the clogging of emitters include filtration, flush-
ing, chemical treatment of the irrigation water and of the soil surrounding the drip
lines, as well as the chemical treatment of the lateral polymers.

This research was carried out at the ARC-IAE, South Africa. The blockage po-
tential due to root intrusion was evaluated for five types of emitters supplied by
three drip irrigation companies. Research was carried out at an experimental field
on five different types of emitters, and retrieved dripper lines from the experimental
field were tested in the laboratory. Evaluations were also carried out in field under
farming conditions.

With new regular emitters, average coefficient of variation (CVq) was an excel-
lent 2.2% and good 3.2% for the pressure-compensated emitters. For the experimen-
tal site and the Treflan-treated blocks, the emitters showed 74% less root intrusion
than the untreated blocks. The untreated blocks were 29.4% root intruded against
the 7.5% of treated blocks, and there was also a significant increase in root intrusion
of 425% over the 42-month period in the untreated blocks. The impact of clog-
ging in the untreated blocks was evident with the 20% decrease in emitter delivery
rate and the worsening of the CV from an excellent 3.04% to a very poor 56.36%.
There was also an average of 34% of the drippers that were not functional after the
42-month testing period.
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With the treated blocks, root intrusion could not be prevented completely, and
after the 42-month period, 16% drippers were not functional (i.e., however, 27%
better than the untreated blocks). The impact of the clogged drippers was that the
CV dropped from an excellent 3.04% to a poor 32.30%. However, average emitter
delivery rate stayed fairly constant. At the farm site evaluations, the coefficient (CV)
varied from a marginal 9.1% to a poor 42.8%. The emission uniformity (EU,) varied
from a good 89.1% to an unacceptable 61.6%.

The research concluded that the practice of subsurface drip must be done with
caution and that good management and maintenance practices with the chemical
treatment of the soil surrounding the dripper lines are of utmost importance.
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5.1 INTRODUCTION

Water is the elixir of life. It is a vital element that significantly affects all aspects of
our daily life. Water is an invaluable natural resource, a basic human need, and the
country’s treasure. It is construed as a soul for “life-sustaining profession” and the
economic development of any country. Water is one of the most important inputs
among all that required for biological activities of an agricultural plant. Water is a
scare resource, and its demand is looming unintermittently large. The water table
already touches its fathom depth in many parts of the world. Therefore, efficient use
of available water is extremely important.

In India, the annual average precipitation is 1140 mm, and about 90% of water
is used for agriculture. The country has 145 million hectare net sown area out of a
total 175 million hectare gross cropped area. As per the estimate, the total irrigated
area is 46 million hectare. The population of India has already crossed 1 billion and
is likely to stabilize at 1.64 billion by AD 2050. Hence, the country’s policy makers
will have to plan for increasing the food grain production from the current level of
200 to 450—500 million tons by 2050.! Hence, efforts are exigently needed to maxi-
mize the crop production per unit of water used and area under irrigation.

Agriculture is the backbone of Indian economy as it ensures food security, en-
genders employment, helps to palliate poverty, and contributes significantly to the
export of the country. It contributes nearly 19% of gross domestic product, and
about 68% of the Indian population is reliant on agriculture for their livelihood.? Ir-
rigation is an important input, which has strategic impact on agricultural production.
In India, rainfall is very erratic, and it is not sufficient to fulfill the water require-
ment of crops for irrigation, in many areas. In order to increase irrigation potential, it
is utmost important to make the best use of available water for irrigation by the way
of adopting efficient irrigation water management techniques or practices.

Therefore, if the world food crisis is to be solved, there does not seem to be
other alternative, but to increase the total area under irrigation. This is possible only
through better water management practices in the field and by introducing advance
methods of irrigation wherever possible, compatible with socioeconomic conditions
of the area.

5.1.1 IRRIGATION METHODS

Irrigation is defined as the artificial application of water to soil for the purpose of
supplying the moisture beneficial or essential to the plant growth. Irrigation wa-
ter may be applied to the crop by (i) conventional surface irrigation methods (i.e.,
border irrigation, furrow irrigation, check basin irrigation, etc.); (ii) subsurface ir-
rigation method (i.e., open ditches and itile drain); and (iii) pressurized irrigation
methods (sprinkler irrigation and micro or drip or trickle irrigation). Water sup-
ply, type of soil, topography of the land, and crops to be irrigated determine the
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correct method of irrigation to be used. Whatever is the method of irrigation, it is
necessary to design the system for the most efficient use of water by the crop. Most
farmers in developing countries as well as in developed countries still use gravity
flow system to irrigate the fields. The age-old irrigation method distributes water
through unlined field channels. In a large number of cases, only a small portion
(about 30-35%) reaches the field, and half of the water is not used by the plant
because of deep percolation and evaporation losses. Therefore, it is necessary to
shift from traditional low-efficiency irrigation methods to high-efficiency irrigation
methods such as micro sprinkler irrigation for the efficient utilization of scarce wa-
ter resources to save energy.

5.1.2 MICRO SPRINKLER IRRIGATION

Micro sprinkler irrigation is a method of micro irrigation. Micro sprinkler is a low-
volume sprinkler (i.e., 30-300 Iph) that operates at low pressure (i.e., 1.0-2.5 kg/
cm?). It applies water in the form of a spray. Micro sprinkler irrigation method is
the intermediate irrigation system between sprinkler irrigation and drip irrigation. It
requires lesser energy than conventional sprinkler system and is lesser susceptible to
clogging than emitters. It has an area of coverage much larger than emitter, but much
lower than the conventional sprinkler system. It has low cost of installation than drip
system because the number of lateral and outlets is reduced.* Also in micro sprin-
kler irrigation, the root system is developed evenly and spread densely throughout
wetted soil volume. This ensures better supply of water and nutrient to plant. Micro
sprinkler system has a wide range of uses as in fertilizer application, herbicide ap-
plication, and frost protection, cooling of greenhouses, and poultry houses. This sys-
tem can be run either continuously or intermittently at a desired rate of application.

5.1.3 OPERATING CHARACTERISTICS OF MICRO SPRINKLER
IRRIGATION SYSTEM

Irrigation uniformity, uniformity coefficient (CUC), distribution uniformity (DU),
wetted diameter, water application rate, pressure—discharge relationship, and pre-
cipitation characteristics are major features of micro sprinkler system, which affect
the design and the operational efficiency of this system.

5.1.3.1 IRRIGATION UNIFORMITY OF A MICRO SPRINKLER

Irrigation uniformity is related to crop yields through agronomic effects of under- or
overwatering. Insufficient water leads to high soil moisture tension, plant stress, and
reduced crop yields. Excess water may also reduce crop yields below potential lev-
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els through mechanisms such as leaching of plant nutrients, increased disease inci-
dence, or failure to stimulate the growth of commercially valuable parts of the plant.

Because irrigation uniformity relates to crop yield and the efficient use of re-
sources, engineers regard it as an important factor to be considered in the selection,
design, and management of micro sprinkler irrigation. Various measures of unifor-
mity are used as indices of performance by which sprinklers and sprinkler spacing
are judged, and they may also be used to set hydraulic limitations on the micro
sprinkler pipe network. Irrigation uniformity is a key component in overall irriga-
tion efficiency and hence plays an important role in the irrigation scheduling to meet
crop water requirements.

5.1.3.2  UNIFORMITY COEFFICIENT

This is another parameter developed by Christiansen,* which is widely used to eval-
uate micro sprinkler irrigation uniformity. A measurable index of degree of unifor-
mity obtained from any size of sprinkler operating under given condition is known
as uUC. A UC of about 85% or more is considered to be satisfactory.> The data on
UC are basis for selecting the combinations of spacing, discharge, nozzle size, and
operating pressure for obtaining higher irrigation efficiency at specific operating
conditions.

5.1.3.3 DISTRIBUTION UNIFORMITY

The DU is a measure to know how evenly water is applied across a field during
irrigation. For example, if one unit of water is applied in one part of the field and
only half unit is applied in another part of the field, this is a poor DU. The DU is
expressed as a percentage between 0 and 100. However, it is impossible to attain
100% in practice. If DU lesser than 70% is considered to be poor, DU between 70
and 90% is good, and that greater than 90% is excellent. In short, poor DU means
either too much water has been applied, which is costing unnecessary expenses, or
too little water is applied causing water stress to crops. Therefore, micro sprinkler
system must have a good DU for better irrigation efficiency.

5.1.3.4 WETTED DIAMETER OF A MICRO SPRINKLER

The installation of system is controlled by wetted diameter. Wetted diameter of a
micro sprinkler or nozzle is the distance between the micro sprinkler and dry soil on
both sides of the sprinkler. The wetted diameter is controlled by operating pressure
of the device, the trajectory angle, the water leaving the device, and the location
where the device is mounted relative to the soil surface. Hence, for any type of mi-
cro sprinkler or nozzle, a range of wetted diameter is possible.
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5.1.3.5 WATER APPLICATION RATE OF A MICRO SPRINKLER

The rate at which a micro sprinkler system irrigates the soil and when a group of
them is operating close together is called the application rate. The water application
rate by micro sprinklers is limited by the infiltration capacity of the soil. The infiltra-
tion capacity of the soil is the maximum rate at which water can enter the soil at a
given time. Application with higher rates than infiltration capacity of the soil results
in runoff, accompanied with poor distribution of water, loss of water, and soil ero-
sion. Normally, micro sprinkler irrigation systems are designed in such a way that
no runoff occurs. Thus, the rate at which a micro sprinkler is designed to apply water
is less than the infiltration capacity.

5.1.3.6  PRESSURE-DISCHARGE RELATIONSHIP FOR MICRO
SPRINKLER

The spray distribution characteristics (DC) of micro sprinkler heads are typical of
operating pressure. At low pressures, the drops are larger, and water from the noz-
zles falls in a ring away from the micro sprinkler. Contrary to this, at high pressures,
the water from the nozzle breaks up into very fine drops and fall very near to the
micro sprinkler.

5.1.3.7 PRECIPITATION CHARACTERISTICS

The design of micro sprinkler irrigation system depends on precipitation characteris-
tics (effective radius, average application depth, effective maximum depth, absolute
maximum depth, mean application depth), DC, coefficient of variation (CV), etc.

5.1.4 DESIGN CONSIDERATIONS

Technology in irrigation like other fields is changing very rapidly. The worldwide
research in irrigation is being carried out to use the water judiciously and to obtain
more crop yield per unit volume of water; to recommend the most suitable methods
of irrigation in varying land topography, soil depth, and macro climate; and to assess
feasibility of the method to meet the food requirements of ever-increasing popula-
tion. Micro sprinkler has not been as popular as drip irrigation system because of
several factors, such as lack of information about water requirement for orchard
crops, design skills and high investment cost, and lack of detailed and generalized
specification system.

The ideal micro sprinkler irrigation system assures delivery of equal volume
of water for all micro sprinklers. But practically, it is difficult to achieve this as the
flow from the micro sprinkler is affected by variation in water pressure in the dis-
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tribution system, which ultimately affects the wetting diameter. The water network
flows at different operating pressures may be determined by pressure—discharge re-
lationships.

Uniform water distribution by any irrigation system maximizes crop yield and
improves the quality of produce. In shallow-rooted crops, higher uniformity of ap-
plication is desirable, whereas in deep-rooted crops, a lower uniformity of appli-
cation may be tolerable. The uniform water distribution is also necessary for the
efficient use of available irrigation water. For this reason, the emission uniformity
(EU) and UC may always be taken as design variables for micro sprinkler irrigation
system.

For having an acceptable irrigation pattern, the information regarding wetting
diameter at different operating pressures is required because it determines the opti-
mum overlap to be provided when the system is operated in actual field conditions.
The specific design requirements of a micro sprinkler system involve the optimum
spacing of emitting devices and water application rates.

The above discussion suggests that the knowledge of pressure—discharge rela-
tionships, precipitation pattern, wetting diameter, UC, EU, and DU is essential for
optimum design and operation of micro sprinkler irrigation system. Considering
this point in view, this chapter discusses the performance characteristics of a micro
sprinkler with the following objectives:

1. To determine the precipitation distribution pattern of micro sprinkler.

2. To determine the application uniformity characteristics of micro sprinkler as

influenced by the operating pressure and the micro sprinkler spacing.

3. To develop the pressure—discharge relationships for a micro sprinkler.

5.2 REVIEW OF LITERATURE
5.2.1 PRESSURE-DISCHARGE RELATIONSHIPS

Seginer® showed that the operating pressure of the micro sprinkler irrigation is the
most important factor. Higher pressure causes longer radius of wetting, fine drops,
and more even distribution of water on the ground. Keller and Karmeli® described
the pressure—discharge relationship for emitting device as follows:

Q=K () )

where Q is the emitter discharge, Iph; K is the constant of proportionality that char-
acterizes the emitter; H is the operating pressure head, m; and x is the exponent that
characterizes the flow regime. Value of x characterizes the flow regime of emitter.
For a fully turbulent flow, x = 0.5; for a partially turbulent flow, 0.5 <x < 0.8; for
unsteady flow regime, 0.8 <x < 1.0; and for laminar flow, x = 1.0. The long path
emitters have exponent from 0.6 to 1.0. Some emitters provide varying degrees of
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flow regulation, and “x” may be less than 0.5. Considerable regulation is achieved
with “x” ranging from 0.3 to 0.4.

Voigt’ described the relationship between the hydraulic performance of rotary
sprinklers that was expressed in terms of discharge coefficient as a measure of range
and design with respect to the cone angle of a nozzle and sprinkler head dimensions.
He concluded that the width of sprinkler head should be about three times than
that of the nozzle. Giari et al.® tested five drippers and five micro jet sprayers at a
pressure range of 0.4—1.5 kg/cm?. They found considerable variations in discharge
rates and the uniformity of coverage even for emitters of the same type. They also
observed one micro jet affected by the position of the flute mouthpiece outlet in
relation to the direction of the water flow. Singh et al.® carried out an experiment
on the performance evaluation of micro sprinklers and suggested the constraints for
its adoption. They also evaluated the system by estimating flow variation in lateral
lines and field EU. They developed the following pressure—discharge relationship
based on actual field data:

0=6225(P)* 2

where Q is the micro sprinkler discharge, Iph, and P is the operating pressure, kg/
cm?.

Firake et al.'® carried out the evaluation of hydraulic performance of micro
sprinklers. They showed that the micro sprinkler discharge was increased with an in-
crease in pressure. They considered the effective wetted area of soil for the calcula-
tion of the UC of micro sprinklers. Sakore'"' studied pressure—discharge relationship
for three types of micro sprinklers. He found discharge in the range of 44—63 Iph
and observed an increase in discharge with operating pressure, whereas a decrease
in discharge was observed with increase in stake height.

Firake and Salunkhe' reported that the micro sprinkler discharge was increased
with an increase in pressure. They further commented that the effective wetted area
of the soil should be considered only for the calculation of the UC of micro sprin-
kler. They also found that downward vertical movement of water in the soil was in-
creased with increase in operating pressure. Shinde et al.* studied the pressure—dis-
charge relationship of static micro sprinklers. They showed that the discharge was
increased by 63.5% with an increase in pressure head by 166%. They also reported
that the average EU of the static micro sprinkler system was 91.0%.

Singh'* carried out the performance evaluation of three different models of mi-
cro sprinklers as influenced by design variables. He analyzed the performance of a
particular type of micro sprinkler by considering the pressure—discharge relation-
ship. He found an increase in discharge with an increase in pressure. He also ob-
served that the observed discharges were in conformity with that supplied by the
manufacturer. He developed a power form relationship between the pressure and
the discharge.
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Gawali and Budhan' conducted the study on pressure—discharge relationship,
UC, wetted throw, and wetting pattern for five micro sprinklers for operating pres-
sures of 0.5, 1.0, and 1.5 kg/cm? and stake inclination angles of 90, 80°, 70°, and 60°
with respect to the horizontal. The discharge was observed in the range of 20.54—
64.09 Iph and was increased with operating pressure, whereas it was not influenced
with change in inclination angle. The UC values ranged from 9.3 to 55.5%. The
UC values were reduced with increase in operating pressure, whereas these were
not influenced with the inclination angle. However, the inclination angle influenced
the wetting pattern. For micro sprinkler (M,), the wetting pattern shifted toward the
direction of inclined ride, whereas other four micro sprinklers showed contraction
in shape as compared with vertical position. M, sprinkler showed spot application
of water. The precipitation depth collected on inclined side for all five sprinklers
was more than the opposite side. The maximum throw observed for M,, M,, M,
M,, and M, micro sprinklers were 2.8, 3.0, 5.5, 5.4, and 5.2 m, respectively. Data on
precipitation pattern by Lonkar and Dhage' revealed superior precipitation pattern
for an operating pressure of 1.3 kg/cm?. The value of the manufacturer’s CV was
0.12, which was less than the acceptable limit of 0.15 for the category of other types
of micro irrigation methods. Lonkar and Dhage'® developed pressure—discharge re-
lationships for two types of micro sprinklers designated:

0 =22.39 H*¥ r=0.82 (for micro sprinkler A) 3)

0 =21.87 H**, r=0.98 (for micro sprinkler B) @)

where Q is the discharge, Iph, and H is the operating pressure, kg/cm?.

Suryawanshi et al.'” studied pressure—discharge relationship, precipitation pat-
tern, and performance parameters of a micro sprinkler. They found that discharge
was a function of operating pressure head. Uniformity precipitation pattern was in-
creased with increased pressure head up to a certain limit. Greater precision was re-
quired in the manufacturing of micro sprinklers. They further reported that the micro
sprinklers are suitable for under tree irrigation. Singh et al.'® studied pressure—dis-
charge relationship, EU, coefficient of manufacturing variation, wetting diameter,
and uniformity of application of a micro jet. These parameters for micro jet were
determined for different combinations of pressures ranging from 0.5 to 1.7 kg/cm?
and stake heights of 0—-10 cm. The estimated value of nozzle exponent was found in
the recommended range. Based on the value of nozzle exponent, the micro jet was
classified as non-pressure compensating. The EU was more than 90%. The micro
jet was classified as excellent on the basis of value of coefficient of manufacturing
variation; the wetting diameter was increased with increase in operating pressure
and stake height. The UC, DU, and DC were increased with increase in operating
pressure and stake height.
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Pampattiwar et al.' evaluated pressure—discharge relationship, manufacturing
CV, and precipitation pattern for micro sprinkler. They found that discharge was
increased with an increase in operating pressure. More precision was observed dur-
ing the manufacturing process of SP-1- and SP-2-type micro sprinklers, whereas
poor manufacturing quality was observed in SP-1-type micro sprinkler and flat el-
liptical distribution profile. Minimum CV in SP-2 type of micro sprinkler indicated
its superiority over SP-1 and SP-2 type of micro sprinklers. Patil et al.?® studied
pressure—discharge relationship, manufacturer’s CV, and precipitation pattern at the
operating pressure heads of 1.0-2.4 kg/cm?. Precipitation characteristics were lower
for S-3 type of micro sprinkler compared with other two types of micro sprinklers
under study, indicating the superiority of S-3-type micro sprinklers.

Barragan and Wu?' found that simple pressure parameters along a lateral line or
in a rectangular sub-main unit (maximum pressure, minimum pressure, and aver-
age pressure) can be used for the hydraulic design of micro irrigation systems. This
was based on the fact that simple pressure ratios (minimum pressure to maximum
pressure and minimum pressure to average pressure) are all indications of the uni-
formity of micro irrigation systems. A definite relationship between the total fric-
tion pressure loss and maximum and minimum pressure difference, or average and
minimum can be determined for a micro irrigation system under different field slope
situations. When a nominal pressure head (10 m) is set for the average or maximum
pressure, the minimum pressure can be determined based on the selected design
criteria. The total friction pressure loss can be considered as the sum of the total fric-
tion pressure loss for the lateral and sub-main. The length of the lateral and the size
of the sub-main can be determined from the respective total friction pressure losses.

For rotary sprinkler irrigation system, Jitander* developed pressure—discharge
relationship as described by Keller and Karmeli® of the form of O = [KP*]. Dis-
charge was measured with the help of flexible tubes connected to nozzle mouth. The
value of discharge exponent (x) ranged from 0.41 to 0.566.

5.2.2 PRECIPITATION PATTERN

Fisher and Wallender® studied the influence of collector diameter and test duration
on uncertainly in depth of water caught. The CV of water application was decreased
as collector size and test duration were increased. They concluded that for larger
collectors, fewer tests were needed to reach a stable CV. Thus, they recommended
larger collectors to maintain accuracy and reduce test duration and number of tests.
Madramootoo et al.?* tested five online orifice emitters at pressure ranging from 69
to 138 kPa. They concluded that the coefficient of manufacturing variation was not
affected by pressure in case of pressure-compensating emitters, but it was affected
by the operating pressure for non-pressure- compensating emitters.

Boman?® concluded research on several micro irrigation spinner and spray emit-
ters to evaluate the distribution patterns and relationship between the operating pres-
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sure and the discharge. Emitter flow rate pattern and DU were measured for each
type of emitter, which had higher uniformity of water application than spray type
under no wind conditions. Most spray emitters had 50-75% of the wetted area re-
ceiving insignificant water application, whereas 10—15% of wetted area received
more than three times the average application. Spinner emitter, however, had 30—
80% of coverage. None of the spinner models had areas of application greater than
four times the mean application depth of emitter.

Gutal et al.?® carried out a comparative study of drip, micro sprinkler, and bi-wall
and border irrigation. They reported that the uniformity of micro sprinkler with 1.2
x 1.2 m spacing and 30 cm riser height was 76.75% at 1.0 kg/cm? pressure head.
It was observed that the precipitation rate was decreased with an increase in riser
height. They also reported that maximum wetted diameter of soil was 3.1 m at 30
cm riser height with a precipitation rate of 4.6 cm/h. Pathare*” indicated that the wet-
ting pattern of micro sprinkler for all operating pressures showed a triangular shape.
The discharge was in the range of 24-34.2 Iph for operating pressure in the range
of 1.2-1.8 kg/cm?. The resulting wetting pattern was obtained due to overlapping
of micro sprinkler when spaced at 1.0 X 1.0 m to 2.5 X 2.5 m. He indicated that at
lower spacing and lower operating pressures, nonuniformity of water application
was minimized and thus resulting more uniform depth of precipitation.

Aragade and Thombal®® found that discharge was increased with operating pres-
sure for both Black-30 and violet-45 micro sprinklers. They also determined spray
patterns for different micro sprinklers. From spray pattern, maximum and minimum
diameters of throw were determined. They were approximately same as given by
the manufacturers in the technical manual. Pandey et al.* quoted that the maximum
radii of throw obtained for A, B, C, D, and E micro sprinklers were 4.98, 3.94, 3.93,
2.96, and 2.23 m, respectively. The effective radius was lower for all the micro
sprinklers using a Keller method*® when compared with the Boman method.” Ac-
cording to the Keller criteria of DC, micro sprinklers B and D were found to be sat-
isfactory. The DC values obtained by the Boman method were higher than the Keller
method for all the micro sprinklers. Both the methods for the determination of DC
value are arbitrary in providing criteria for the evaluation of water distribution of
micro sprinklers. Further, higher precipitation rate was obtained by Boman method
than those obtained by Keller method.

Shete and Modi*' performed experiments by altering nozzle sizes, operating
pressure, and riser high to investigate how water distribution around sprinklers was
affected by the layout pattern of the catch cans. In the trials, the catch cans were
arranged around a sprinkler in a grid of 2 X 2 m spacing and along a radial line at 1
m center. Grid spacings of 6 X 6 m, 6 X 12 m, 6 X 18 m, and 12 X 12 m were simu-
lated. Such analysis gave conservation estimates of UC and DU. Nozzle size was the
dominant parameter controlling water DU.

Vishnu and Santhana* studied performance of four spinner emitters at pressures
0f 49.35, 98.07, and 147.10 kPa to study the distribution pattern and uniformity of
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water application. Emitters were positioned on stakes 0.20 m above the top of the
catch cans, which were placed at 0.60 m grid intervals in a matrix. The distribution
pattern was obtained by plotting the depth of water collected at differences from the
emitters as a percentage of the average application depth. The DC, CV and ratio of
effective maximum depth (Dxe) to average application depth (da) were evaluated
to study the DU of emitters. Generally, spinner emitters had higher DU than spray
emitters under no wind conditions.

Mateos* developed a model for simulating precipitation from single sprinklers.
Results indicated that operating pressure determined sprinkler flow and maximum
throw. Wind and evaporation distorted the distribution patterns. Application of the
model showed the impact of system management and design, field topography and
wind on irrigation uniformity. Management factors such as lateral operation time or
riser inclination may account for a large part of the field precipitation variations. A
rough topography may also reduce uniformity significantly. Wind speed is impor-
tant when it exceeds 1.8-2.0 m/s.

Singh et al.** determined the UC on the overlap area by four micro sprinklers
of nozzle size 1.12 mm at different operating pressures (i.e., 0.2-1.2 kg/cm? with
increasing 0.2 kg/cm? pressure) and nozzle spacings (i.e., 21.5 cm x 21.5 cm, 36
cm X 36 cm, 40 cm X 40 cm, 36.6 cm X 36.6 cm, 48 cm X 48 cm, and 41.6 cm 41.6
cm). They concluded that (i) the application profiles of micro sprinklers are not of
continuous type, and only 50% of the radius of throw received water. (ii) The spac-
ing of micro sprinklers along the lateral or the spacing of lateral along the main and
sub-main should be taken equal to the radius of throw. (iii) Operating pressure and
spacing for different makes, models, and nozzle sizes should be recommended for
maximum UC.

DeBoer* found that the water application distribution patterns for many field
irrigation data sets followed a trapezoidal pattern. The trapezoidal shape influenced
the magnitude of potential surface runoff. There were scenarios in which the trap-
ezoidal pattern produced more estimated potential runoff than the commonly used
elliptical pattern and other scenarios in which it yielded less potential runoff. Each
of the rising and falling segments of impact sprinkler patterns ranged from 10 to
20% of total application time, where the remainder of the application time had a
relatively constant application rate.

Faci et al.’ reported that the wetted width produced by the rotating spray plate
sprinkler (RSPS) was larger than that of the fixed spray plate sprinkler (FSPS), for
nozzle diameters of 6.7 and 7.9 mm. Also the peak instantaneous precipitation rate
of the RSPS was smaller than that of the FSPS.

In a laboratory experiment on RSPS, DeBoer***” concluded that maximum wet-
ted radii were positively related to increased sprinkler nozzle size and nozzle pres-
sure. Nozzle diameter had a minimal effect on drop size, but nozzle pressure had
significant inverse influence. Patil et al.*® found that precipitation characteristics
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were lower for S-3 type of micro sprinklers compared with other two types of micro
sprinklers under study, indicating the superiority of S-3-type micro sprinklers.

Clark et al.*® conducted field measurement experiments on large-scale sprin-
kler irrigation systems with fixed-plate (FP) low drift nozzle (LDN). Scenarios in-
cluded sprinkler operating pressures of 416, 104, and 138 kPa; sprinkler spacing
1.83, 2.44, 3.05, and 3.66 m; and nozzle orifice sizes of 4.76—7.94 mm with a flow
range of 0.16—0.77 Ips. Simulated patterns and UC values compared well with field-
measured patterns and UC values for the respective sprinkler size, spacing, and
operating pressure combinations. UC values from simulated patterns were highest
for closer sprinkler spacing scenarios (<2.4 m) and higher operating pressures (104
and 138 kPa; still in the low range for sprinkler systems). However, evaporation
and wind drift losses could be higher than that with the lower operating pressures,
thus reducing the overall application efficiency. Based on the spacing, nozzle size,
and operating pressure scenarios tested in this research, sprinkler spacing to wetted
diameter ratios should not exceed 0.20 in order to achieve UC in excess of 90 under
no-wind conditions with FP, LDN-type sprinklers.

Dogan et al.* concluded that the collectors with a 10 cm opening may not pro-
vide reliable irrigation depth data under FP sprinkler packages that produce distinct
streams of water. Collectors with 15 cm diameter openings provided acceptable
results under the FP sprinkler packages. The 10 cm opening collectors accurately
measured both irrigation depth and uniformity under spinning plate and wobbling-
plate sprinkler irrigation packages that produced smaller, more evenly distributed
irrigation droplets with no distinct streams or jets.

Nehete et al.** found that precipitation pattern and precipitation distribution
profile (average application depth, effective maximum depth, absolute depth, mean
depth, DC, and CV) indicate that SP-2 type of micro sprinkler has flat elliptical
distribution profile, and precipitation contours are comparatively at equidistance
minimum variation in average application depth, effective maximum depth, abso-
lute maximum depth, and mean depth together with maximum value of DC and CV
for SP-2 type of micro sprinkler operated at 2.5 kg/cm? pressure.

Sourell et al.*! reported that the simulated UC of a lateral equipped with RSPS at
3 and 4 m overlapping distance in different working conditions was always higher
than 87%, and it has an average of 91.80%. The water application found for the
analyzed RSPS was trapezoidal, resulting in higher constancy.

Playan et al.** reported that water application from FSPS often resulted in a
bimodal pattern, whereas RSPS produced bull-shaped or triangular pattern. At a
nozzle elevation of 2.4 m and an operating pressure of 140 kPa, the wetted diameter
was 1.6 m larger for the RSPS than for the FSPS.

James et al.*® studied a method for the determination of optimum design pa-
rameters of a micro sprinkler, in closed area with four micro sprinklers from four
manufacturers named as A, B, C, and D. The independent parameters such as input
pressure (P) and stake height were varied, and dependent parameters such as dis-
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charge (g, m*/s), effective radius (m), average depth of water (d), and UC of a single
emitter (UC, %) were evaluated. The data of these dependent variables of the four
types of emitters were subjected to optimization by multi-objective programming
following three-dimensional surface plot technique. For this purpose, the software
goal-attaining function of MATLABG6 was used. Finally, the optimum values of de-
pendent variables were obtained, which were used in the design of the network
of the micro sprinkler irrigation system. Poul et al.* studied hydraulics of micro
sprinkler and drip irrigation (discharge, radius of coverage, and UC at different op-
erating pressures), and geometrical patterns for higher UC. From hydraulics, it was
concluded that micro sprinkler gave best radius of coverage and discharge suitable
for tuberose crop with square (2.4 X 2.4 m) geometrical pattern.

Kadam et al.® studied hydraulic performance of micro sprinklers under labora-
tory conditions in terms of manufacturer’s CVs and precipitation pattern for the
operating heads in the range 1.0-2.4 kg/cm?. Manufacturer’s CV was estimated. Mi-
cro sprinklers SP-2 and SP-3 recorded values in the range of 0.02—0.06 and 0.015—
0.034, respectively, whereas micro sprinkler SP-1 recorded the value in the range of
0.28-0.41 indicating poor manufacturing quality. Precipitation pattern was studied
for all three micro sprinklers under study according to the procedure suggested by
Keller*® in terms of distribution profile, effective radius, average application depths,
effective maximum depth, absolute maximum depth, mean depth, DC, and CV. The
values of precipitation patterns indicated the superiority of SP-2 type of micro sprin-
kler over other two types of micro sprinklers under study.

5.2.3 CHARACTERISTICS OF APPLICATION UNIFORMITY

The application uniformity can be evaluated in terms of EU, DU, and UC. These
parameters are reviewed in this section.

Keller and Karmeli® described EU as a relationship between minimum and aver-
age emitter discharge rates within the system. They found that this relationship is the
most important factor in uniformity of application because the primary objective of
irrigation system is to ensure enough system capacity to adequately irrigate the least
watered area. They described the relationship as follows:

EU =100X 2= ®)
9.
where g, is the average of lowest quarter of emission point discharge for field data,
Iph; and ¢, is the average discharge of test sample operated at reference pressure
head, Iph.

Solomon*” showed that uniformity test results varied significantly, even under
similar test conditions. The variation was correlated with the UC value itself, and
the statistical significance of such variation was explored. Forkel and Mirshei*® de-
scribed a formula for calculating sprinkling range as a function of operating pres-
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sure, nozzle diameter, and a constant K, which is specific for a particular sprinkler.
K is an indicator of the spraying power of a sprinkler. They also developed a nomo-
graph between operating pressure, nozzle diameter, and sprinkling range. Ricardo et
al.* found that zero leaching can be accomplished with a sprinkler system by speci-
fying DU. Uniformity can be set to assume that minimum applications of water will
keep plants alive without over-irrigating to cause leaching anywhere in the field.

Post et al.® indicated that all low-flow sprinklers demonstrated poor rating re-
gardless of the pattern or application uniformity procedure. They recommended
that the catch cans should be placed in a square matrix pattern over one quarter of
throw area and perpendicular to the low-flow sprinkler arm. Further, they found
that many low-flow sprinkler produced “doughnut” patterns. Hill et al.>' found that
a sinusoidal oscillation at 0—103 kPa for all emitters over 1-min cycle provided an
equivalent and better Christiansen’s uniformity coefficient (CUC) than that when
operated at a steady pressure of 207 kPa. They showed that the EU for a pressure
of 228 kPa steady, 103 kPa steady, and 0—103 kPa oscillating were 92.2, 91.5, and
91%, respectively.

Gutal et al.*? observed the optimum wetted soil diameter when the system was
operated at 1.5 kg/cm? pressure with a spacing of 3 X 3 m, application rate of 3.3
mm/h, and a stake height of 30 cm. They reported that UC and distribution effi-
ciency of micro sprinkler were 60.8 and 36.4%, respectively. Sharma and Battawar*
evaluated four commonly used UC methods: Christiansen method (CUC), Wilcox
and Swailes (Ti), USDA pattern efficiency (PEU), and Barmi and Hore new coeffi-
cient (A). Higher values of UCs were observed in case of overlapping patterns along
with higher crop yields. Average values of UC and PEU were close to each other.
However, Christiansen method* gave a higher value of 64.8%. The increase in UC
due to overlapping was 23.7% for UC and 100% for A. Values of UC and A under
the test were close to those by Barmi and Hore.

Sakore" studied UC and wetted throw for three types of micro sprinklers. He
found a UC of 60% for different spacings of micro sprinklers. Further, he observed
an increase in UC spacing from 200 to 100 cm. Firake et al.>* studied the effect of
spacing and operating rate on UC. They reported the maximum UC (94.5%) at 1.62
m spacing of micro sprinkler with 33 Iph discharge rate, whereas it was maximum
(90%) at 1.8 m spacing for 57 Iph discharge rate. They also found that EU of micro
sprinkler for discharge rates of 33—57 Iph ranged from 96 to 97.5%.

Buzescu et al.*® studied “reconsideration of micro-sprinkler irrigation for veg-
etable crops and tested the MA-1 micro sprinkler for its suitability for simple irriga-
tion or for irrigation plus plant protection, in the changed land ownership conditions
in Romania”. The MA-1 had a nozzle diameter of 2 mm, pressure of 1.5 bar, and
discharge rate of 9.2 mm/h. It was tested for fixed position at a height of 2.3 m
or mobile at a height of 0.8 m. The quality (uniformity) of distribution and its ef-
ficiency were compared for micro jet units at 70 and 120 Iph. They concluded that
micro sprinkling was an effective method, and it is suitable for use by small growers
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in Romania. Hills and Barragan®® compared water application for drop tube spray-
ers, boom sprayers, and rotators, and they reported that the CUC was highest for the
rotator emitter (94.60%) followed by drop tube sprayers (93.70%) and boom spray-
ers (89.50%). Wind speed up to 6.2 m/s had little effect on the UCs for the three
types of sprinklers tested. The increases in the mean droplet diameters measured in
the field for the overlapping patterns were as follows: drop tube sprayers (1.4 mm),
boom sprayers (1.7 mm), and rotators (2.8 mm). It was concluded that the larger
droplet diameters for the rotators might have been beneficial in maintaining uniform
precipitation patterns under windy conditions. However, the larger droplets may
lead to soil crusting on certain soils.

Tarjuelo et al.”” determined the spatial distribution of water applied with solid set
sprinkler systems in open field conditions. Factors affecting water distribution were
direction and speed of wind, working pressure, design and number of nozzles, evap-
oration and drift losses, height of sprinkler above the ground, etc. Results showed
that wind speed has a clear negative effect on irrigation uniformity. The larger the
spacing between sprinklers, lower was irrigation uniformity. Uniformity increased
by using jet-straightening vanes in the main nozzle, double nozzles under low wind
speeds, and single nozzles under high wind speeds, and by locating the sprinkler at
2 m aboveground.

Schneider™ found that application efficiencies for LEPA ranged from 95 to 98%.
Spray application efficiencies exceeded 90% when runoff and deep percolation are
negligible. Because of the start and stop nature of mechanical move irrigation sys-
tems, UCs for LEPA and spray are measured both along the irrigation system main-
line and in the direction of travel. Along the mainline, UCs are generally in the
0.94-0.97 range for LEPA and in the 0.75-0.85 range for spray. In the direction
of travel, the UCs are generally in the 0.75-0.85 range for LEPA with furrow dik-
ing and in the 0.75-0.90 range for spray. Rocha et al.** evaluated the performance
of regulated and unregulated yellow models and unregulated violet model of mini
sprinklers. Water DU, manufacturing variation coefficient, mean effective wetted
radius, and water distribution profile were determined. The best sprinkler spacing
for the vegetable crop was simulated. The analysis demonstrated that all models
produced a manufacturing variation coefficient lower than 5%, classifying them in
category A. On the basis of simulations, it was concluded that the emitter can work
under the pressures of 250, 250, and 300 kPa, respectively, for the unregulated violet
and regulated and unregulated yellow models.

Charles® reported that the Cal Poly ITRC irrigation evaluation programs have
been widely used to assess the global DU of drip and micro sprayer irrigation sys-
tems. The system DU is estimated mathematically by combining the component
DU values. The DU components include pressure differences, other causes (such
as manufacturing variation, plugging, and wear), unequal drainage, and unequal
application rates. Results were also presented from evaluations by several entities,
including Cal Poly ITRC. Cal Poly evaluations of 329 fields provided an average
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DU, of 0.80 for micro spray. Approximately 45% of the nonuniformity was due to
pressure differences, 52% was due to other causes, 1.0% was due to unequal drain-
age, and 2% was due to unequal application rates. The data showed that it was pos-
sible to have high system DU values for at least a 20-year system life and also good
design and management.

From the tests on residential irrigation systems, Melissa et al.®' calculated the
average low quarter distribution uniformity (DUlq) value as 0.45. Rotary sprinkler
resulted in significantly higher DU, compared with fixed pattern spray heads with
a value of 0.49 and 0.41. Rotor heads had higher uniform distribution of 0.55 com-
pared with 0.49 for spray head. Spray heads had better uniformity when fixed quar-
ter circle nozzles were used as opposed to adjustable nozzles. Residential irrigation
system uniformity can be improved by minimizing the occurrence of low pressure
in the irrigation system and by ensuring that proper spacing is used in design and
installation.

Barragan et al.®* reported that EU has been one of the most frequently used cri-
teria for micro irrigation design and evaluation. The original EU formula, which was
derived by a worst combination of hydraulic variation and manufacturer’s variation,
can provide a very conservative design with a smaller value for EU than that mea-
sured in the field. They developed a revised formula for EU based on a statistical
approach, and it provided more realistic value in the field. The revised formula in-
creased the calculated values by 5-8% greater than the original values for EU. The
values for EU can be applied to the hydraulic design using the same procedure as
that proposed by the original EU.

Bansod and Shukla® conducted studies on five different types of micro sprin-
klers (coded for identification as MS-I, MS-II, MS-III, MS-IV, and MS-V) at three
operating pressures (1.0, 1.5, and 2.0 kg/cm?) and at 35 cm riser height for obtaining
the depth distribution pattern from single leg test. The depth distribution data was
analyzed for CUC, Wilcox—Swailes uniformity coefficient (CUH), and Merriam and
Keller DU. The decreased values of UCC, CUH, and DU were observed with in-
crease in the spacing of micro sprinklers. At the rated pressure (2 kg/cm?), the maxi-
mum value of UCC (94.74%) was recorded for MS-V at 3 X 3 m micro sprinkler
spacing. More than desired value, 70% of UCC was recorded only for MS-1 for all
pressures under consideration and for spacing 3 X 3 m to 7 X 7 m, which indicated
its superiority over other types of micro sprinklers. Overall performance of CUH
was recorded for MS-V at 2.0 kg/cm? pressure for all micro sprinkler spacing. The
highest CUH value (94.56%) was recorded for MS-III. A fairly good value of DU
(78%) was recorded at all pressures and at 3 X 3 m and 4 X 4 m spacing for all the
micro sprinklers except MS-IV.

Kishore et al.* concluded that the pressurized irrigation methods suffered from
nonuniformity of water distribution. Unequal distribution is unacceptable for preci-
sion irrigation. It is now possible to combine small flow regulators that convert each
sprayer into a pressure-compensated outlet (PCMS). The DU was 97.35%, and the
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UC was 98.33%. An average yield of 6700 kg/ha was obtained with the PCMS ir-
rigation compared with 6290 kg/ha under the sprinkler-irrigated area and 6300 kg/
ha under the flood-irrigated area. The average weight of 1000 grains was 58 g for
PCMS, 54.8 g from sprinkler, and 55.6 g from flood irrigation (control).

Jadhav et al.® found that a more precision was observed during manufacturing
process for MSBK- and MSW-type micro sprinklers out of five micro sprinklers
(MSBK, MSW, MSG, MSBL, and MSY). The EU and UC values for all the micro
sprinklers ranged from 85.02 to 90.32% and 86.55 to 92.32%, respectively. For
rotary sprinkler irrigation system, Jitander* determined UC, DU, and DC as per
procedure given by Christiansen,* catch cans being at 2 m interval from sprinkler.
The UC, DU, and DC were increased with nozzle size of sprinkler and pressure and
were decreased with an increase in nozzle elevation.

5.3 MATERIALS AND METHODS

The present study was conducted at the instructional farm of College of Technology
and Engineering to evaluate micro sprinkler operating characteristics under various
operating conditions. During the study, the Christiansen method (catch can) was
used to determine the UC,* DU, and DC. Keller and Karmeli® methods were used to
determine precipitation patterns and EU. To develop the pressure discharge relation-
ship for the micro sprinkler, nozzle discharge was collected in a container by turning
micro sprinkler upside down. The experimental site was located at Udaipur, India
(24°25'N latitude, 73°42’E longitude and at an elevation of 582 m above mean sea
level). It is situated in Aravalli ranges of the southern part of Rajasthan. The area
is characterized by subtropical continental semi-humid monsoon-type climate. The
soil type of study area is sandy loam. The details about soil are given in Table 5.1.

TABLE 5.1 Soil Physical Properties

Property Value

Soil type Sandy loam
Sand = 62.26%

Percentage of proportion Silt =19.04%
Clay = 18.70%

Bulk density 1.52 gm/cc

Hydraulic conductivity 129.8 cm/day

Basic infiltration rate 2.3 cm/h

Field capacity 20.12%

© 2016 Apple Academic Press, Inc.



124 Principles and Management of Clogging in Micro Irrigation

The experimental setup consisted of centrifugal pump, water filter station (i.e.,
hydrocyclone filter, sand filter, and screen filter), fertilizer tank with various acces-
sories (pressure gauge, non-return valve, air release valve, reducing elbow, nipple,
bypass system), main line, sub-main line, lateral line, micro sprinklers with stake,
control valve, flushing valve, and end cap. The experimental setup is shown in Fig.
5.1.

—

Sub mainline

10.5m

Micro-sorinkler

S3 Sy

* Dimensions not to the scale.

Plot Plot size: Micro-sprinkler
Notation spacing:

S 105mx105m 15mx15m
S 1575mx1575m |2Pmx225m
S5 150mx150m 30mx30m
Ss 185mx1875m |375mx3.75m

FIGURE 5.1 Layout of the experimental setup.

For conducting experiment, an open well was used as the source of water. A 5
hp submersible pump was used to develop the required pressure for the experiment.
The pump consisted of a bypass arrangement with flow control valve for controlling
the operating pressure and corresponding flow rate in the lateral. A fertilizer tank
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of 90-L capacity was attached with the system, but it was not used for fertigation
purpose. Filters were used to safeguard the system from dirty water and to protect
sprinkler heads from being clogged. The type and the size of the filter depend upon
the kind of dirt, diameter of sprinkler nozzles, its hourly discharge, and total amount
of water per shift or cycle. For this purpose, hydrocyclone filter, sand filter, and
screen filter were used in series, as shown in Fig. 5.2.

ITEM

NON RETUEN VALVE
HYDROCYCLONE FILTER
SAND FILTER

SCREEN FILTER

FERTILIZER TANK

AIR RELEASE VALVE

G.I. ELBOW/ REDUCING ELBOW
G.I NIPPLE6" LONG

BY PASS ASSEMBLY

Rl Rl L= Bl B e D el b ]
@

FIGURE 5.2 Filtration unit.
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“Hydrocyclone filter” is also known as centrifugal filter or sand separator. It was
used to separate the sand, silt, or particles heavier than water, but it cannot remove
algae, fibers, clay, etc., present in water source. “Sand filter” was used to remove
all types of physical impurities organic or inorganic, algae, silt, clay, suspended par-
ticles, etc. “Screen filter” is mandatory for every sprinkler irrigation system. Screen
filter was used primarily for removing inorganic particles. A screen filter does not
have the capacity to remove large amounts of suspended particles and organic parti-
cles without reducing the flow through the filter. Therefore, we need frequent flush-
ing of a screen filter. Selection guide for filtration system is shown in Table 5.2.

TABLE 5.2 Detailed Specifications for Different Types of Filters

Filter Type = Nominal Inlet—Outlet, Maximum  Gross Use
Flow Rate, inch Operating  Weight,
m’/h Pressure, kg
kg/cm?
Hydrocyclone 50 3" 10 54 Removal of sand
filter and silt particles
from water
Sand filter 50 3" 10 142 Removal of bio-
logical, organic,
and physical
impurities from
water
Screen filter 25 2" 10 3.70 Removal of
Screen filter phy§1cal con-
having 100 taminants from
water

um mesh size

The PVC pipe was used as main line of size 75 mm (OD) and sub-main line
of size 63 mm (OD) for micro sprinkler irrigation system. The low-density poly-
ethylene black color as lateral line of size 16 mm (OD) was used. This is the most
commonly used size of laterals for micro irrigation. Micro tube of 4 mm (OD) was
used to connect micro sprinkler with lateral line (Fig. 5.5). In addition to main com-
ponents of the sprinkler system, various fittings and accessories were used as an
essential part of the system (Figs. 5.3 and 5.4). The accessories were gate valve,
pressure gauge, pitot tube, non-return valve, air release valve, reducing elbow, and
nipple, bypass, and end cap, etc.
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FIGURE 5.3 Control valve (Left).

FIGURE 5.4 Pressure gauge.
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Micro sprinkler nozzle (Fig. 5.5) is the most important component of micro
sprinkler irrigation system. Its operating characteristics under optimum water pres-
sure and climate conditions determine its suitability and efficiency. Specifications

Principles and Management of Clogging in Micro Irrigation

FIGURE 5.5 Micro sprinkler along with lateral connected by micro tube.

of micro sprinkler for this study are as under.
Make : Jain irrigation system Ltd.

Stake height : 25 cm
Nozzle size : 1.12 mm

Other details
Operating pressure, kg/cm? Wetting radius, m Discharge, Iph
1.0 4.6 44
1.5 5.1 55
2.0 6.9 63
2.5 7.2 71
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5.3.1 EXPERIMENTAL LAYOUT

The pressure—discharge relationship, UC, EU, and DU were evaluated at operat-
ing pressures ranging from 0.75 to 2.0 kg/cm? (with an increment of 0.25 kg/cm?).
Further for precipitation patterns were also studied at operating pressure range of
0.75-2.5 kg/cm?, for the micro sprinkler spacing of 1.5 x 1.5 m, 2.25 x 2.25 m, 3.0
% 3.0 m, and 3.75 X 3.75 m, and under low-wind-speed conditions ranging from 0
to 6.5 km/h.®® The manufacturer recommended operating pressures between 1.0 and
2.5 kg/cm?. All tests were carried out during 7:00-9:00 a.m. and 5:00-7:00 p.m. to
reduce evaporation losses due to temperature changes.

The experimental area was divided into four sectors (S, S,, S,, and S,), each
having a plot size of 10.5 X 10.5 m, 15.75 X 15.75 m, 15.0 X 15.0 m, and 18.75 X
18.75 m, respectively. In plots S, S,, S, and S,, micro sprinkler spacings were 1.5
x 1.5m,2.25x%2.25m, 3.0 X 3.0 m, and 3.75 X 3.75 m, respectively (Figs. 5.1 and
5.6). For the lower spacings (i.e., 1.5 X 1.5 m and 2.25 X 2.25 m), each plot was
provided with seven laterals, and each lateral had seven micro sprinklers. Similarly,
for higher spacing (i.e., 3.0 X 3.0 m and 3.75 X 3.75 m), each plot was provided with
five laterals, and each lateral was equipped with five micro sprinklers. Each spacing
was replicated three times (R, R,,andR,).

To minimize the effect of wind, three sides of study area was covered with poly-
ethylene sheets as a wind breaker of 2 m in height and fourth side was already sur-
rounded by large vegetative area (Fig. 5.6).

FIGURE 5.6 Positions of catch cans at grid points.

© 2016 Apple Academic Press, Inc.



130 Principles and Management of Clogging in Micro Irrigation

5.3.2 GRID SELECTION AND PLACEMENT OF CATCH CANS

Walker® suggested to place catch cans at 0.5 m interval at two or four radials for
each micro sprinkler. He assumed that the application rate for a given distance from
the head is uniform around the head. However, this assumption may not be true in
practice. Post et al.*® recommended placement of catch cans in a square matrix pat-
tern around the sprinkler head. In the present study, the recommendation of Post et
al.>® was followed. For this purpose, grid of 50 cm x 50 cm was formed, and the
precipitation was collected in catch cans placed at grid points. These observations
were used to evaluate UC (%), DC (%), and depth of applications (d, mm/h). For
each plot, a centrally located representative area was demarked, where precipitation
of all adjacent micro sprinklers was received.

5.3.3 PRESSURE-DISCHARGE RELATIONSHIPS

The ideal micro sprinkler irrigation system is one in which all the sprinkler heads
deliver the same volume of water in a given irrigation duration. From the practical
point of view, it is impossible to achieve this idealized performance requirement,
because the nozzle flow is affected by variation in water pressures in the sub-mains
and lateral lines.

The flow variations caused by water pressure variation in a micro sprinkler sys-
tem is termed as hydraulic variation. The hydraulic characteristics of a spray nozzle
significantly affect the following aspects of irrigation performance: the wetting pat-
tern and water distribution, and variation in nozzle discharge at varying operating
pressures. In addition to this, the water network flows and operating pressures are
directly determined by the nozzle pressure and discharge relationship. Therefore,
designer and user must have a clear understanding of nozzle characteristics. In gen-
eral, the flow rate and throw of nozzle are affected by hydraulic pressure at the
nozzle and flow path dimensions of the sprinkler head. The following pressure—dis-
charge relationship for a sprinkler has been proposed by Keller and Karmeli®:

q=KpP (6)

where ¢ is the flow rate; K is the characteristic discharge coefficient of the nozzle,
which also depends on the choice of units for ¢ and P; P is the operating pressure;
and x is the nozzle exponent characterizing the nozzle flow regime.

The values of K and x in eq 6 can be determined by fitting a logarithmic equation
to the data from the field or manufacturer. With a suitable curve-fitting computer
program, a curve can be fitted to data points, and pressure versus discharge graphs
can be plotted. Alternatively the values of “x” and “K” can be determined analyti-
cally by using the following equation by Keller and Karmeli®:

Logg=LogK+xLogPorY=4A+mC (7a)
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X = log(q,/q,)

= O]

log(R/P,)
where g, and g, are discharges at pressures P, and P,, respectively. This value of
“x” can be used to solve for K. Reader may note that eq 7a is a straight line. In the
present analysis, in addition to the analytical determination of K and x, the best fit
curve between pressure and discharge was obtained by using nonlinear regression
technique. For obtaining pressure and discharge relationships, each of the micro
sprinkler was operated for specified duration of 2.0 min, and discharge through
nozzle was collected by keeping the micro sprinkler upside down in a plastic con-
tainer (Fig. 5.7). Volume of water was measured with a graduated cylinder, and then
it was converted into liter per hour. Operating pressures of 0.75, 1.0, 1.25, 1.50,
1.75, and 2.0 kg/cm? were selected. The desired operating pressure was maintained
with the help of bypass arrangement. Each test was repeated three times to have a
representative average value.

-

F _11 LN

FIGURE 5.7 Collection of a water sample from the micro sprinkler at a given pressure.

5.3.4 PRECIPITATION PATTERN

Catch cans were placed at the grid of 0.5 X 0.5 m, formed around the micro sprin-
klers to determine the precipitation pattern (Fig. 5.6). First cans were placed at half
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spacing in all four principal directions. Micro sprinkler was operated for half an hour
for each test pressure. Volume of water collected in catch can was converted into
depth of precipitation per unit time (mm/h for all pressures under consideration).
The precipitation pattern was studied by drawing the contour of equal precipitation
depth (isohyetal lines) and distribution profile.

5.3.4.1 PRECIPITATION CHARACTERISTICS OF THE MICRO
SPRINKLER

Precipitation characteristics of the micro sprinkler were studied in terms of precipi-
tation pattern, distribution profile, and precipitation performance parameters such
as effective radius, m; average application depth, mm/h; effective maximum depth,
mm/h; absolute maximum depth, mm/h; mean application depth, mm/h; precipita-
tion DC, %; and CV.

5.3.4.1.1 EFFECTIVE RADIUS

Effective radius is the distance between the center of a micro sprinkler and the point
at which the profile meets the horizontal axis on precipitation pattern.*

5.3.4.1.2 AVERAGE APPLICATION DEPTH (MM/H)

Keller and Merriam*® used concentric ring approach to calculate average application
depth. The total wetted area was divided into four concentric rings. The radius of
each ring was taken as 0.4, 0.6, 0.78, and 0.93 times the wetted radius, respectively,
from inner to outer periphery. The radii were used to draw the concentric rings. The
average depth in each ring was first estimated, and the average precipitation depth
was calculated as given below:

Average application depth = d+d,+d,+d, (®)
4

where d, d, d,,and d, are average depths in first, second, third, and fourth concentric
rings, respectively, around the micro sprinkler.

5.3.4.1.3 EFFECTIVE MAXIMUM DEPTH (MM/H)

Effective maximum depth is the average value of 5% of total cans having maximum
collection quantity and is expressed in mm/h.
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5.3.4.1.4 ABSOLUTE MAXIMUM DEPTH (MM/H)
Absolute maximum depth is the maximum of all observations.

5.3.4.1.5 MEAN APPLICATION DEPTH (MM/H)

Mean application depth is the average depth between the areas constrained by ef-
fective radius.

5.3.4.2 DISTRIBUTION CHARACTERISTIC

This term characterizes the water distribution of single sprinkling device. It was
calculated as follows:

LA iving th h h depth
Distribution characteristic = 2212 receiving the depth greater than average dep %100 )

Total wetted area

5.3.4.3 COEFFICIENT OF VARIATION

The CV was calculated by using the following equations by Keller and Merriam**

o
CV=-"-x100
da (10)
RS
o= = (1)
N

where da is the mean application depth; Y X? is the deviation from mean depth, mm;
and N is the number of observations.

5.3.5 UNIFORMITY OF WATER APPLICATION

The uniformity of water application of a micro sprinkler system is dependent on
the DC of a sprinkler nozzle. There are procedures for evaluating application uni-
formity. Christiansen formula* is specific for overlapping sprinklers and is used to
calculate UC. The procedure proposed by Keller et al.*® for overlapping and slightly
overlapping sprinklers can be used to calculate DU. High efficiency in the operation
of an irrigation system is not necessarily economical. Therefore, irrigation system
should be evaluated to rationally decide whether the system should be modified or
a different system should be adopted. Efficiencies based on field data have an ac-
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curacy of £5%. Therefore, the irrigation system must be evaluated under maximum
possible ideal conditions in order to have information regarding the performance of
the system.

5.3.5.1 UNIFORMITY COEFFICIENT

A measurable index of the degree of uniformity of micro sprinkler operating under
given sets of conditions is known as the UC. The UC is affected by the pressure dis-
charge relationship and sprinkler spacing. The UC was determined by the following
equation by Christiansen®:

»x
ucC=UC=|1- %100 (12)
mn
where UC is the uniformity coefficient, %; m is the average value of all observa-
tions, mm, Fig. 5.8; n is the total number of observation points; and X is the numeri-
cal deviation of individual observation from the average application rate, mm.

i

FIGURE 5.8 Catch can to receive precipitation for studying performance parameters.

5.3.5.2 EMISSION UNIFORMITY

EU is the measure of the uniformity of discharge from all micro sprinklers and is
the single most important parameter for evaluating performance. EU shows relation-
ship between minimum and average values of discharge. EU is needed for calculat-
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ing gross depth of irrigation, irrigation interval, and required system capacity. It
depends upon water temperature and the manufacturer’s CVs of the system. The
following equation by Keller and Karmeli® was used to calculate EU:

EU=100x q—n (13)
9.
where EU is the emission uniformity, %; g_ is the average of the lowest quarter of
the emission point discharges for field data, Iph; and ¢, is the average emission point
discharges of test sample operated at the reference pressure head, Iph.

5.3.5.3 DISTRIBUTION UNIFORMITY (DU)

The DU (%) indicates the degree to which the water is applied uniformly over a
given area. DU was determined as follows:

_ Average low quarter depth of water caught

DU %100 (14)

Average depth of water caught

5.4 RESULTS AND DISCUSSION
5.4.1 PRESSURE-DISCHARGE RELATIONSHIP

The discharge rates of micro sprinklers (Fig. 5.8) were recorded at operating pres-
sures ranging from 0.75 to 2.0 kg/cm? with an increment of 0.25 kg/cm?. The aver-
age values obtained are reported in Table 5.3. The minimum discharge was 32.99
Iph at 0.75 kg/cm?, and the maximum discharge was 73.10 Iph at 2.0 kg/cm? oper-
ating pressure (Table 5.3). The discharge was increased with increase in operating
pressure. These findings are in close agreement with those reported by Firake and
Salunkhe,'® Gawali and Budhan,'> and Suryawanshi et al.!” The pressure—discharge
relationships based on the following equation by Keller and Karmeli® are shown in
Figs. 5.9-5.13, at different spacing of micro sprinklers.

0=K-P (15)

where Q is the discharge of a micro sprinkler, Iph; P is the operating pressure, kg/
cm?; K is the characteristic constant; and x is the discharge exponent (Table 5.4).
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TABLE 5.3 Average Discharge of a Micro Sprinkler at Corresponding Operating Pressure

Operating Pressure Discharge Average Discharge
Test Run
I II I

kg/cm? Iph

0.75 33.13 32.96 32.87 32.99

1.00 46.08 46.28 46.28 46.21

1.25 57.30 57.98 58.10 57.79

1.50 62.83 62.93 62.93 62.90

1.75 66.42 66.38 66.42 66.40

2.00 73.17 73.20 72.92 73.10

TABLE 5.4 The Value of (x) Characterizes the Flow Regime®

Value of “x” Flow Regime

x=0.5 Fully turbulent
0.5<x<0.8 Partially turbulent
0.8<x<1.0 Unstable flow regime
x=1.0 Laminar flow

Characteristic constant for micro sprinkler was 44.45, whereas discharge expo-
nent was 0.78. High value of R* (=0.95) indicates that the regression coefficients
were significant and there is high goodness of fit. The relationships between depen-
dent variable (discharge) and independent variable (operating pressure) are shown
in Fig. 5.9. In designing pressurized irrigation systems, general accepted limit is
20% variation in operating head and corresponding 10% discharge variation. Ac-
cording to these criteria, the micro sprinkler performance under study can be consid-
ered as satisfactory as the value of discharge exponent observed was 0.79.

An attempt was also made to establish functional relationships between the oper-
ating pressure and discharge as influenced by the spacing of micro sprinklers (Figs.
5.10-5.13). For this purpose, average overlap of 50% of the micro sprinklers for the
given spacings was considered. The relationships are shown in Figs. 5.10-5.13 for
micro sprinkler spacing of 1.5 X 1.5 m, 2.25 X 2.25 m, 3.0 X 3.0 m, and 3.75 x 3.75
m, respectively. The values of characteristic constants, discharge exponents, and
goodness of fit as influenced by micro sprinkler spacing are reported in Table 5.5.
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The micro sprinkler characteristic constants were 44.91, 44.46, 44.43, and 43.99,
and discharge exponents were 0.77, 0.78, 0.78, and 0.79 at corresponding spacing of
1.5%1.5m,2.25%2.25m,3.0 x3.0 m, and 3.75 X 3.75 m, respectively. The higher
value of R* greater than 0.95 indicated the goodness of fit.

Q =44.455 pO7
90 1 R*=0.9561
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70 - ¢
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& 30 ¢
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0 1 T T 1 1
0.0 05 1.0 1.5 2.0 25
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FIGURE 5.9 Pressure—discharge relationship for a micro sprinkler.
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FIGURE 5.10 Pressure—discharge relationship for 1.5 x 1.5 m micro sprinkler spacing.
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FIGURE 5.11 Pressure discharge relationship

for 2.25 x 2.25 m micro sprinkler spacing.

Q=44.438 P78
R*=0.9523

Discharge, Iph

1.0 1.5

Pressure, kg/cm?

FIGURE 5.12 Pressure—discharge relationship for 3 x 3 m micro sprinkler spacing.
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FIGURE 5.13 Pressure—discharge relationship for 3.75 x 3.75 m micro spacing.

5.4.2 PRECIPITATION PATTERN

The objective of irrigation is to have uniform distribution of water. Under sprinkler
method of irrigation, spray pattern depends on precipitation distribution, sprinkler
position in the field, type of sprinkler head, operating pressure, field topography, etc.
These variables influence the overall uniform distribution of irrigation water. The
efforts are always made to have the optimum operating pressure to get the maximum
uniform distribution resulting in maximum efficiencies. To achieve the same, sprin-
klers were operated during the calm hours of the day (i.e., 7-9 a.m. and 5-7 p.m.) to
avoid spray and drift losses. The precipitation distribution pattern can be studied in
terms of studying its distribution profile as a function of operating pressure as well
as performance parameters such as effective radius, m; average application depth,
mm/h; effective maximum depth, mm/h; absolute maximum depth, mm/h; mean ap-
plication depth, mm/h; and CV, %. In this study, the micro sprinkler was tested for
operating pressure in the range of 1.0-2.5 kg/cm? with an increment of 0.5 kg/cm?.

5.4.2.1 DISTRIBUTION PROFILE

For the determination of precipitation distribution patterns, contours of equal pre-
cipitation were drawn at an interval of 1.5 mm. The patterns along with correspond-
ing distribution profiles are presented at operating pressures of 1.0 (Figs. 5.14 and
5.15), 1.5 (Figs. 5.16 and 5.17), 2.0 (Figs. 5.18 and 5.19), and 2.5 (Figs. 5.20 and
5.21) kg/cm?. From the precipitation contours, it was observed that precipitation
was concentrated nearer to the micro sprinkler because of closer spacing between
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the contours near to the center and wider toward the periphery. It was further no-
ticed that contours are more or less equi-spaced with increase in operating pressure,
which can be seen from the comparison of precipitation contour patterns for 1.0 and
2.5 kg/cm? operating pressures shown in Figs. 5.14 and 5.20, respectively.

The pressure distribution was also studied in terms of precipitation profiles. The
distribution profiles are shown in Figs. 5.15, 5.17, 5.19, and 5.21 at operating pres-
sures of 1.0, 1.5, 2.0, and 2.5 kg/cm?, respectively. At a lower operating pressure
(1.0 kg/cm?), the distribution profile indicated flat elliptical shape (Fig. 5.15), which
gradually changed to triangular profile. This type of profile requires closer spacing
for more overlapping, uniform average depth, and higher UC. It can be concluded
that the closer spacing of micro sprinklers should be adopted for an operating pres-
sure of 1.0 kg/cm? under low wind speed to get higher uniformity of water distribu-
tion. However, the cost of sprinkler system will increase.

The precipitation patterns in Figs. 5.15, 5.17, 5.19, and 5.21 indicate that the
increase in operating pressure was able to increase the flatness in the precipitation
curve up to 2.0 kg/cm?. However, at an operating pressure of 2.5 kg/cm?, precipita-
tion curve significantly changed its shape from elliptical to triangle. This indicates
that if operating pressure is increased beyond 2.0 kg/cm?, the centroid contractual
precipitation pattern is obtained, which may reduce the uniformity of water appli-
cation. To reduce the initial cost of micro sprinkler system, the operating pressure
ranging from 1.5 to 2.0 kg/cm? was found to be suitable to enhance the spacing
between micro sprinklers.

Catch can position (0.5 m x 0.5 m)

Cateh can position (0.5 m x 0.5 m)

FIGURE 5.14 Precipitation pattern of micro sprinkler at an operating pressure of 1.0 kg/
cm?,
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Cach can position (0.5 mx 0.5 m)

Catch cam position (0.5 m x 0.5 m)

FIGURE 5.16 Precipitation pattern of micro sprinkler at an operating pressure 1.5 kg/cm?.

B
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FIGURE 5.17 Precipitation distribution profile for 1.5 kg/cm? of pressure along XX- and
YY-axes.
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5.4.2.2 PRECIPITATION PERFORMANCE PARAMETERS

Keller and Merriam* have given certain parameters to study the precipitation pat-
terns. The sample calculations for parameters for precipitation performance are pre-
sented in Appendix I. The results of precipitation performance are reported in Table
5.7 for different operating pressures.

TABLE 5.5 Micro Sprinkler Characteristic Constants (K), Discharge Exponents (x), and
Goodness of Fit (R?) for Different Spacings of Micro Sprinkler

Spacing, m K X R?

1.5x1.5 44912 0.7749 0.9519
2.25x%2.25 44.464 0.7831 0.9536
3.0x3.0 44.438 0.7823 0.9523
3.75 % 3.75 43.996 0.7936 0.9646

TABLE 5.6 Precipitation Characteristics as Influenced by Operating Pressure Based on
Keller Method

Operating Pressure, kg/cm’

Precipitation Characteristics

1.0 1.5 2.0 2.5
Absolute maximum depth, mm/h 19.80 17.54 17.26 21.78
Average precipitation depth, mm/h 7.69 7.73 8.46 9.23
Coefficient of variation, % 0.67 0.77 0.86 0.83
Distribution characteristic, % 24.07 17.20 18.70 36.27
Effective maximum depth, mm/h 15.56 14.14 14.00 14.95
Effective radius, m 1.0 1.25 1.5 1.75
Mean application depth, mm/h 11.40 8.08 6.72 7.62
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TABLE 5.7 Uniformity Coefficient (UC) at Different Operating Pressures and Micro
Sprinkler Spacings

Operating Pzres- Spacing Uniformity Coefficient, UC (%) Average UC (%)
sure (kg/cm?) (m) 1 I I
1.5%x1.5 79.62 | 78.85 83.10 80.52
225x225 |71.76 693 69.42 70.16
0.75
3.0x3.0 62.58 |67.21 70.43 66.74
3.75x3.75 |31.26  [35.19 37.17 34.54
1.5%x1.5 83.63 [80.61 81.63 81.96
225x225|71.96 |73.52 73.33 72.94
L0 3.0x3.0 7332 ]66.04 71.49 70.28
3.75x3.75 |44.16  |40.07 43.19 42.47
1.5%x1.5 80.21 85.35 83.40 82.99
225x225 (7828 |75.09 79.55 77.64
o 3.0x3.0 75.62  |73.04 75.40 74.69
3.75x3.75 |44.51 |48.45 46.59 46.52
1.5%x1.5 85.06 [84.23 84.10 84.46
2.25x225 |86.31 80.85 77.34 81.50
e 30x30 7529|7859 | 7646 76.78
3.75x3.75 |42.06 |52.53 59.49 51.36
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1.5x1.5 87.20 |84.88 84.52 85.53
2.25x2.25 |82.63 81.57 81.59 81.93
L 3.0x3.0 78.93 76.23 71.75 77.64
3.75x3.75 |55.06 |60.13 59.34 58.18
1.5x1.5 8594 |85.77 85.60 85.77
2.25%x2.25 86.50 |80.31 85.12 83.98
2.00
3.0x3.0 78.72  [79.30 78.13 78.72
3.75x3.75 |61.62 |63.28 63.13 62.68

5.4.2.2.1 EFFECTIVE RADIUS (RE)

Effective radius ranged from 1.0 to 1.75 m at 1.0-2.5 kg/cm? operating pressure. In
Keller method, distribution profile is required to extend until it cuts horizontal axis
and estimates comparatively lower effective radius. Findings of the present study
are in agreement with those reported by Pandey et al.,” Pampattiwar et al.,' and
Patil et al.®® Thus, under low-wind-speed conditions and for 50% overlapping, the
spacing between micro sprinkler at 1.0 kg/cm? should be 1.0 m and compared with
1.75 m at a pressure of 2.5 kg/cm?. However, the system operation at low pressure
(1.0 kg/cm?) increases cost, and high pressure (2.5 kg/cm?) may reduce uniformity
of precipitation pattern. Thus, if the system operates between an operating pressure
of 1.5 and 2.0 kg/cm?, the maximum spacing can run from 1.25 to 1.5 m with 50%
overlapping under low-wind-speed condition.

5.4.2.2.2 AVERAGE APPLICATION DEPTH

The maximum average application depth of water was 9.23 mm/h at 2.5 kg/cm? of
operating pressure. At 1.0, 1.5, and 2.0 kg/cm? of operating pressure, the average
application depths were 7.69, 7.73, and 8.46 mm/h, respectively.

5.4.2.2.3 EFFECTIVE MAXIMUM DEPTH

Five percent of total cans receiving maximum precipitation were considered for the
estimation of effective maximum depth. The estimated values were 15.56, 14.14,
14.00, and 14.95 mm/h at 1.0, 1.5, 2.0, and 2.5 kg/cm? of operating pressures, re-
spectively (Table 5.6). Highest effective maximum depth was 15.56 mm/h at 1.0 kg/
cm? operating pressure.
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5.4.2.2.4 ABSOLUTE MAXIMUM DEPTH

Absolute maximum depth is the maximum depth that is recorded among all obser-
vation cans.*® Observed values are reported in Table 5.6. These values were 19.80,
17.54, 17.26, and 21.78 mm/h at 1.0, 1.5, 2.0, and 2.5 kg/cm? operating pressures,
respectively. Maximum depth was found at 2.5 kg/cm? operating pressure.

5.4.2.2.5 MEAN APPLICATION DEPTH

Mean application depth is the average depth recorded between the area constrained
by the effective radius and estimated by the procedure in this study. Mean depth
were 11.40, 8.08, 6.72, and 7.62 mm/h at operating pressures of 1.0, 1.5, 2.0, and
2.5 kg/cm?, respectively.

5.4.2.3 DISTRIBUTION CHARACTERISTIC

Distribution characteristic is a ratio of wetted area receiving the depth greater than
average depth to the total wetted area and is expressed as percentage.’® The values
estimated from the observed data are reported in Table 5.6. These values are 24.07,
17.20, 18.70, and 36.27%, respectively. Further micro sprinkler at 1.5 kg/cm? and
2.0 kg/cm?pressure yielded values of 17.2 and 18.7%, indicating that the wetted area
received depth that was greater than the average depth. Findings confirm that the
distribution profile is elliptical at lower operating pressure, and it gradually changed
to triangular type with increase in operating pressure. The findings also indicated
that micro sprinkler under study should be operated within the range of 1.5-2.0 kg/
cm? of pressure.

5.4.2.4 COEFFICIENT OF VARIATION

The CV describes the deviation of observed values of depth from the mean depth in
all the cans that were located within the effective radius.’ The values estimated for
different operating pressures are reported in Table 5.6. Minimum value of CV was
0.67 at 1.0 kg/cm? of operating pressure. When the pressure was increased to 2.0
and 2.5 kg/cm?, the estimated values were 0.86 and 0.83, respectively. Similarly, for
a low operating pressure of 1.5 kg/cm?, the estimated value was 0.77. Thus, these
results further confirm the superiority of the precipitation pattern of micro sprinkler
under study for the operating pressure of 1.0 kg/cm? compared with other operating
values.

The precipitation characteristics in terms of effective maximum depth and ab-
solute maximum depth indicate more deviation of absolute maximum depth from
effective maximum depth if the system is operated at a pressure of 2.5 kg/cm?. This
indicates more variations in precipitation at this pressure. This result can be attrib-
uted to the results obtained for distribution profile.
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The above discussion on precipitation characteristics as influenced by operat-
ing pressure indicates that the micro sprinkler system at a pressure between 1.5 and
2.0 kg/cm? is more suitable for the spacing range of 1.25-1.5 m to achieve 50%
overlapping. With the spacing of 1.5 X 1.5 m operating at 2.0 kg/cm?, the number of
sprinklers per hectare can be reduced by 55% compared with the number of sprin-
klers required for the spacing of 1.0 x 1.0 m operating at 1.0 kg/cm? If the system
is operated at 1.5 kg/cm?, the spacing required is 1.25 X 1.25 m, which reduces the
number of sprinkler by 36% compared with the number of sprinklers required for
the spacing of 1.0 X 1.0 m. Therefore, the cost of laterals can be saved through the
saving of lateral length per hectare by 33% and 20% by using the spacing of 1.5 X
1.5 mand 1.25 x 1.25 m, respectively, compared with the spacing of 1.0 x 1.0 m.

5.4.3 UNIFORMITY COEFFICIENT

Precipitation collected in catch cans placed at a grid point from the representative
area is measured to estimate the UC as shown in Table 5.7. Appendix II shows an
example of observation of precipitation depths (mm) for 30 min at grid points to
calculate UC and DU for 1.5 X 1.5 m spacing at 0.75 kg/cm?.

Figure 5.22 shows effects of operating pressures and different micro sprinkler
spacings on UCs (%). It can be observed that the UC was 80.52% at an operating
pressure of 0.75 kg/cm?, for micro sprinkler spacing of 1.5 x 1.5 m. At a spacing of
2.25 x 2.25 m, the UC was 70.16%. Further increase in spacing (3.0 x 3.0 m) low-
ered the value of UC to 66.74%. The reduction was 3.42%. However, with further
increase in spacing to 3.75 x 3.75 m, the UC was 34.54% showing a drastic reduc-
tion of 32.20%.

| 15mx 15m%lﬁmxZZSmEES_ﬂmxS_ﬂmESJSmxS_?SH

Uniformity coefficlent,

FIGURE 5.22 Uniformity coefficients (UCs, %) at different operating pressures for
different spacings of micro sprinklers.
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For an operating pressure of 1.0 kg/cm?, the UC was 81.96% for a micro sprin-
kler spacing of 1.5 X 1.5 m compared with 72.94% at a spacing of 2.25 X 2.25 m.
Further increasing the spacing to 3.0 X 3.0 m and 3.75 x 3.75 m, the UC was 70.28
and 42.47%, and the reductions were 2.66 and 27.81%, respectively. For an operat-
ing pressure of 1.5 kg/cm?, the reduction was 25.42% when the spacing was changed
from 3.0 X 3.0 m to 3.75 X 3.75 m with the UC values of 76.28 and 51.46%, respec-
tively. Similar trend of reduction in UC was noticed when operating pressures were
further increased from 1.25 to 2.0 kg/cm? with an increment of 0.25 kg/cm?.

It was further revealed that for a given spacing, the UC was affected with op-
erating pressure. For 0.75 kg/cm? operating pressure and 1.5 X 1.5 m spacing, the
estimated UC was 80.52%. When the pressure was changed to 1.0 kg/cm? with the
micro sprinkler spacing of 1.5 x 1.5 m, the UC was improved to 81.96%. Similar
trends were observed for other operating pressures for all spacings under study.
Thus, the overall results indicated that UC was improved with increase in operating
pressures for a given spacing.

To study the combined effect of operating pressures and spacings of micro sprin-
kler, the data was statistically analyzed. The analysis indicated the significant effect
of operating pressure and spacings of micro sprinkler on UC as shown in Table 5.8.

TABLE 5.8 ANOVA Showing Effects of Operating Pressures and Spacings of Micro
Sprinkler on Uniformity Coefficients (UCs, %)

Source DF SS MS FValue SE@m) CD (5%) CD (1%)

A = operating pres-
sure

5 1877.01 375.401 46.057* 0.824 2.343 3.127

B = micro sprinkler 553005 412484 506.061° 06729 1.913 2.554

spacing
AxB 15 572.841 38.1894 4.685* 1.648  4.687 6.255
Error 48 391.242 8.15087

*Significant at 1%.

The relationships between operating pressure and UC for different micro sprin-
kler spacings are shown in Fig. 5.22. The relationships were nonlinear and followed
power law, as shown in Table 5.9 and below:

UC=mp (16)

where UC is the uniformity coefficient; m is the characteristic constant; P is the
operating pressure in kg/cm?; and 7 is the exponent.
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Increasing micro sprinkler spacings increased the value of exponent from 0.03
to 0.32 and decreased the value of characteristic constant from 80.18 to 33.85. The
correlation coefficient (R?) was also increased from 0.96 to 0.98. The results of cor-
relation of coefficient (R?) indicated that the UC followed power law for all micro
sprinkler spacings (Table 5.9). The values of exponent indicate the variation of UC
with respect to operating pressure. The lower values indicate less variation of UC
with operating pressure and vice versa. The characteristic constant was highest for
the spacing of 1.5 X 1.5 m, indicating at least 80% of UC at 1.0 kg/cm? pressure,
which is acceptable for desirable performance of the system. This confirms that the
spacing of 1.5 X 1.5 m is suitable for micro sprinkler compared with higher spacing.

The results in Table 5.9 indicate that the suitable operating pressure was for the
spacing of 1.5 x 1.5 m as pressure was changed from 1.5 to 2.0 kg/cm?.

TABLE 5.9 Values of Micro Sprinkler Characteristic Constant (m), Exponent (n), and
Goodness of Fit (R?) for Different Spacings

Spacing, m m n R?

1.5x1.5 80.181 0.037 0.9686
2.25x225 69.32 0.1059 0.9646
3.0x3.0 66.56 0.0967 0.9829
3.75 % 3.75 33.85 0.3251 0.9808

5.4.4 EMISSION UNIFORMITY

The values of EU (%) of the micro sprinkler system at different operating pressures
were calculated using the procedure as described by Keller and Karmeli® and are re-
ported in Table 5.10 and Fig. 5.23. It was revealed that the average value of EU in all
the treatments ranged from 96.13 to 94.96% at an operating pressure of 0.75 kg/cm?.
The values were gradually decreased when spacing was increased from 1.5 X 1.5 m
to 3.75 x 3.75 m. The micro sprinkler discharge was taken into account for the cal-
culation of EU. The EU was mainly influenced by operating pressure and not by the
spacing of micro sprinkler. To achieve maximum EU, higher pressure is desirable.
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TABLE 5.10 Estimated Values of Emission Uniformity (EU, %) at Different Operating
Pressures for Micro Sprinkler Spacings

g(z?:::lt;)ng Pressure Spacing (m) f‘,mlssmn IIJInlformlt)If,I f‘,U (%) Average EU (%)
1.5x1.5 97.40 |95.60 |95.39 96.13
0.75 2.25x%x2.25 95.34  |96.18 |95.69 95.73
3.0x3.0 93.82 95.28 96.65 95.25
3.75x3.75 |95.53  |94.37 |94.97 94.96
1.5x1.5 97.35 19595 |95.78 96.36
1.00 2.25%2.25 95.72  |95.31 97.68 96.24
3.0x3.0 97.16 | 94.61 94.38 95.38
3.75%x3.75 95.53 94.18 95.77 95.16
1.5x1.5 96.83  196.06 |96.93 96.61
2.25x2.25 96.74 196.66 |95.97 96.46
b2 3.0%3.0 9637 9579 |94.18  [95.45
3.75x3.75 99.22  |93.89 |93.02 95.38
15x1.5 97.46 |97.11 97.88 97.48
150 2.25x%x2.25 96.79 |97.13 | 96.49 96.80
3.0x3.0 9499 195.80 |97.08 95.96
3.75x3.75 94.11 93.75 |98.67 95.51
1.5x1.5 97.47 |98.06 |97.71 97.75
2.25%2.25 98.52 |97.38 |95.75 97.22
1.75
3.0x3.0 95.88 |96.05 |96.47 96.13
3.75x3.75 9499 |94.87 |97.65 95.84
1.5x1.5 98.76  199.36 |98.71 98.94
2.25x%2.25 97.47 |98.07 |97.91 97.82
2.00

3.0x3.0 97.42 97.18 96.14 96.91

3.75x3.75 96.53 96.16 96.71 96.47
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FIGURE 5.23 Emission uniformity as influenced by operating pressures for different
spacings of micro sprinkler.

Firake et al.** reported the EU of the system ranged from 96.1 to 97% and 96.9
to 97.5%, respectively, for 33 and 57 Iph discharge of the micro sprinkler. Shinde et
al.’® have also reported that the average EU of the system was 91.0%. Thus, the find-
ings of this study are in close agreement with those reported by these researchers.

5.4.5 DISTRIBUTION UNIFORMITY

The DU (%) values are indicated in Table 5.11 and Fig. 5.24. For a micro sprinkler
spacing of 1.5 X 1.5 m and an operating pressure of 0.75 kg/cm?, the estimated value
of DU was 71.94%, compared with 73.47% at an operating pressure of 1.0 kg/cm?.
With further increment in operating pressure, slight improvement in DU was no-
ticed. For the micro sprinkler spacing of 2.25 X 2.25 m and an operating pressure of
0.75 kg/cm?, the DU was 68.06%. For the same spacing and at 1.0 kg/cm?, the DU
improved slightly to 68.15%. Therefore, in general, it was noticed that with increase
in operating pressure, there was slight improvement in DU for a given spacing.
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TABLE 5.11 Distribution Uniformity (DU) for Different Operating Pressures and Micro
Sprinkler Spacings

Operating Pres- . Distribution Uniformity, DU (%) Average DU
Spacing (m)
sure (kg/cm?) I I I (%)
1.5x1.5 70.98 71.20 73.63 71.94
0.75 2.25%x225 64.28 68.56 71.33 68.06
3.0x3.0 44.82 56.54 61.84 54.40
3.75%3.75  17.52 21.00 28.44 22.32
1.5x 1.5 71.40 74.10 74.91 73.47
100 2.25%x2.25 74.86 63.97 65.63 68.15
3.0x3.0 67.06 59.10 63.52 63.23
3.75%x3.75 36.30 28.10 33.37 32.59
1.5%x1.5 74.22 73.65 72.63 73.50
125 2.25%x225 69.81 70.24 70.10 70.05
3.0x3.0 64.79 64.46 63.61 64.29
3.75%3.75 3482 39.83 35.16 36.60
1.5x 1.5 75.55 73.20 71.82 73.52
150 225x%x2.25 69.76 70.58 70.43 70.26
3.0x3.0 66.16 65.64 67.54 66.45
3.75x3.75 3234 41.99 44.22 39.52
1.5x1.5 76.50 71.92 74.64 74.35
75 225%x225 75.26 69.20 68.59 71.02
3.0x3.0 69.27 66.66 69.64 68.52
3.75x3.75 43.89 47.29 50.31 47.16
1.5x1.5 71.63 74.68 78.21 74.84
500 2.25%x225 73.53 73.16 74.17 73.62
3.0x3.0 73.72 70.71 65.10 69.84
3.75%3.75  49.29 49.36 47.43 48.69
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FIGURE 5.24 Distribution uniformity (DU, %) as affected by operating pressures for
different spacings of micro sprinkler.

When spacing was changed from 1.5 X 1.5 m to 2.25 x 2.25 m, the reduction
of DU was 3.88% at an operating pressure of 0.75 kg/cm?. Further increment in the
spacing to 3.0 X 3.0 m and 3.75 X 3.75 m, the reduction was 13.66% and 32.08%,
respectively. Thus, it was revealed that the micro sprinkler spacing influenced the
value of DU substantially compared with operating pressure. In general, it can be
concluded that for higher values of DU, micro sprinklers should be operated com-
paratively at higher pressures in order to have a desired value of DU. Keller and
Merriam® have recommended that the value of DU must be greater than 75%. The
same criterion was adopted for the study, and sprinklers should be spaced at 1.5 x
1.5 m and operated at a pressure greater than 1.0 kg/cm? or should be spaced at 2.25
% 2.25 m and operated at 2.0 kg/cm?.

The statistical analysis revealed that the interaction between spacings of mi-
cro sprinkler and operating pressures significantly affected the DU (Table 5.12).
In the calculation of DU, depth of precipitation is taken into consideration, which
is a function of discharge and overlapping percentage. Ultimately, the DU is influ-
enced by both operating pressures and micro sprinkler spacings. The results of DU
in Tables 5.11 and 5.12 confirm this presumption. Table 5.12 also indicates that the
increase in spacing drastically reduced the DU.

It was observed that the operating pressure was increased with constant spacing,
which increases the DU steadily. The maximum DU of 74.84% was achieved at an
operating pressure of 2.0 kg/cm? and at a spacing of 1.5 x 1.5 m.
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Results indicate that the relationship was linear between DU for all micro sprin-
kler spacings and the operating pressure under study, as shown below:

DU =C(P) +d (17)

The regression coefficients (C and d) are reported in Table 5.13. The value of
intercept (d) ranged from 71.88 to 19.96, whereas the slope of line (C) varied from
0.49 to 5.09. The correlation coefficients (R*) were greater than 0.85.

TABLE 5.12 ANOVA Showing the Effects of Different Operating Pressures and Micro
Sprinkler Spacings on Distribution Uniformity (DU, %)

Source DF SS MS F SE (m) CD (5%) CD (1%)

A = operating pres-
sure

5 1211.24 242.248 18.784* 1.04 2.948 3.934

B =microsprinkler 5 )53 475076 368377 0.8464 2407 3212

Spacing
AxB 15 756.019 50.4012 3.908*  2.073  5.896 7.868
Error 48 619.03  12.8965

*Significant at 1%.

Table 5.13 Values of Constant C, d, and Correlation Coefficient (R?) for Different Spacings

Spacing, m C d R?

1.5x1.5 0.4903 71.88 0.86
2.25x2.25 1.0463 66.53 0.90
3.0x3.0 2.7209 54.93 0.85
3.75x3.75 5.0991 19.96 0.95

5.5 CONCLUSIONS

The increasing demand of food for the growing population is enforcing need for
expansion of irrigation resources throughout the world. Water being a limited re-
source, its efficient use is a base to feed ever-increasing world population. This is
possible only by the way of better water management practices in the field and by
introducing advance methods of irrigation. Pressurized irrigation systems have been
introduced to prevent the unavoidable losses and nonuniform distribution of water
associated with surface methods. A micro irrigation system has the potential to be
a very efficient irrigation method. The basic information needed for designing the
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efficient micro sprinkler irrigation method is inadequate. Therefore, an attempt was
made to generate the information on pressure-discharge relationships, precipitation
pattern, UC, EU, and DU for the micro sprinklers that are locally available in the
market. The field experiment was conducted to study the effects of micro sprinkler
spacings and operating pressures at Instructional Farm of CTAE, Udaipur. The re-
sults are summarized as follows:

1. The discharge of micro sprinkler under study was affected by the operating
pressure. Maximum discharge of 73.10 Iph at an operating pressure of 2.0
kg/cm? and minimum discharge of 32.99 Iph at an operating pressure of 0.75
kg/cm?* were recorded.

2. Mathematical equation of the form Q = K P* was developed for the micro
sprinkler under study. The characteristic constant (K) was 44.45 and dis-
charge exponent (x) was 0.78 with correlation coefficient of 0.95. The high
value of correlation coefficient (R?) indicated goodness of fit.

3. Precipitation distribution pattern for 1.0, 1.5, 2.0, and 2.5 kg/cm? operating
pressure was studied by drawing the precipitation contours at an interval
of 1.5 mm. From the precipitation contours, it was observed that contours
were closely spaced nearer to the micro sprinkler and widely spaced toward
the periphery. The distribution profiles were also drawn and studied to get
an idea about the non-uniformity in precipitation distribution. At a lower
operating pressure (1.0 kg/cm?), the shape of the distribution profile was
found as flat elliptical type, which gradually changed to triangular type with
increase in operating pressure. Flat elliptical type of distribution profile is
the desired profile, which allows minimum overlapping of adjacent micro
sprinklers. Hence, wider spacings between the micro sprinklers keep the to-
tal cost of the system on the lower side compared with the micro sprinklers
having triangular type of distribution. The latter necessitates closer spacing
between them for uniform distribution pattern, thus involving higher cost
per unit area.

4. Effective radius ranged from 1.0 to 1.75 m at an operating pressure of
1.0-2.5 kg/cm?. Thus, if we consider the overlapping of 50% under low-
wind-speed conditions, the spacing between micro sprinkler operated at 1.0
kg/cm? should be 1.0 m, and when the system is operated at 2.5 kg/cm?,
the maximum spacing with 50% overlapping should be 1.75 m. However,
the system at low pressure (1.0 kg/cm?) causes increase in cost, and high
pressure (2.5 kg/cm?) may reduce the uniformity of precipitation pattern.
Thus, if the system runs between operating pressures of 1.5-2.0 kg/cm?, the
maximum spacing can vary from 1.25 to 1.5 m with 50% overlapping under
low-wind-speed conditions.

5. The minimum average application depth was 7.69 mm/h, and the maximum
was 9.23 mm/h.
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6. Effective maximum depths were 15.56, 14.14, 14.00, and 14.95 mm/h at
1.0, 1.5, 2.0, and 2.5 kg/cm? of operating pressure, respectively. Higher ef-
fective maximum depth indicated the concentration of precipitation nearer
to the center of the micro sprinkler. Lower value of effective maximum
depth indicated nearly uniform distribution of irrigation water from the cen-
ter to the periphery.

7. Absolute maximum depths of 19.80, 17.54, 17.26, and 21.78 mm/h were
recorded at 1.0, 1.5, 2.0, and 2.5 kg/cm? of operating pressures, respectively.
A lower value of absolute maximum depth of 17.26 mm/h for 2.0 kg/cm? is
an indicative of superior precipitation distribution patterns over other pres-
sures under study.

8. Mean application depth of 11.40, 8.08, 6.72, and 7.62 mm/h were recorded
at 1.0, 1.5, 2.0, and 2.5 kg/cm? of operating pressures, respectively.

9. A distribution characteristic is the ratio of area receiving the depth greater
than mean depth to the total wetted area. The values were 24.07, 17.20,
18.70, and 36.27% at 1.0, 1.5, 2.0, and 2.5 kg/cm? of operating pressures,
respectively. These results confirm that the distribution profile is elliptical
at lower operating pressure, and it gradually changed to triangular type with
increase in operating pressure. The findings also confirm that micro sprin-
kler under study should be operated in the range of 1.5-2.0 kg/cm? pressure.

10. The CV was 0.67,0.77, 0.86, and 0.83 at operating pressures of 1.0, 1.5, 2.0,
and 2.5 kg/cm?, respectively. A minimum value of CV was 0.67 was at an
operating pressure of 1.0 kg/cm?. Lower CV value indicates the superiority
of precipitation pattern corresponding to 1.0 kg/cm? operating pressure.

11. The relationship between operating pressure and UC for different micro
sprinkler spacings of the form UC = m(P)" was developed. The values of
constants m and n ranged from 33.85 to 80.18 and 0.037 to 0.325, respec-
tively. The values of exponent n indicate the variation of UC with respect
to operating pressure. The lower values indicate less variation of UC with
operating pressure and vice versa. The characteristic constant m is the high-
est for the spacing of 1.5 X 1.5 m, indicating at least 80% UC at 1.0 kg/
cm? pressure, which is desirable for high performance of the system. This
confirms that the spacing of 1.5 X 1.5 m is suitable for micro sprinkler as
compared with higher spacing.

12. When the operating pressure was changed from 0.75 to 2.0 kg/cm? for mi-
cro sprinkler spacing of 1.5 X 1.5 m, the EU values changed from 96.13
to 98.94%. Thus, it was observed that the EU did not change substantially
either due to operating pressures or due to micro sprinkler spacing.

13. For a micro sprinkler spacing of 1.5 X 1.5 m and an operating pressure of
0.75 kg/cm?, the DU was 71.94%. For the same operating pressure when the
spacing were increased to 2.25 X 2.25 m, 3.0 X 3.0 m, and 3.75 X 3.75 m, the
values of DU were 68.06, 54.40, and 22.32%, respectively. The straight line,
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DU = C P + d, was fitted to establish the functional relationship between
the DU and the operating pressure. The values of the intercept (d) ranged
from 71.88 to 19.96, whereas the slope of line (c¢) ranged from 0.49 to 5.09.
The correlation coefficient (R?) was higher than 0.85. Higher value of R?
indicates that there was a goodness of fit.

Following conclusions are drawn from the present investigation:

1. Pressure—discharge relationship followed a power law: O = K P~. The equa-
tion indicates that discharge was increased with increase in the operating
pressure. However, this increase was stabilized after the pressure exceeded
to 1.5 kg/cm?.

2. Precipitation pattern was flat elliptical type at low operating pressure, and it
gradually changed to triangular type with an increase in pressure. The pre-
cipitation performance parameter indicates that the micro sprinkler should
be operated at 1.5-2.0 kg/cm? under low-wind-speed conditions.

3. The relationship between the UC and the operating pressure for different
spacings was of power type: UC = m p".

4. The UC, EU, and DU values indicate that the micro sprinkler should be
operated at a pressure range of 1.5-2.0 kg/cm?, and suitable spacing for this
pressure range was 1.5 x 1.5 m.

5. The savings in the number of sprinklers per hectare were 55 and 36% with
the spacing of 1.5 x 1.5 m and 1.25 x 1.25 m, respectively, compared with
1.0 x 1.0 m spacing. Similarly, the savings in lateral length/ha were 33 and
20% with these spacings compared with a spacing of 1.0 1.0 m.

6. The relationship between DU and operating pressure was linear: DU = C P
+d.

5.6 SUMMARY

The performance characteristics of micro sprinkler include pressure discharge re-
lationship, precipitation pattern, UC, EU, and DU. These characteristics have been
evaluated under various operating conditions. Suitable spacings between micro
sprinklers were also tested at an operating pressure ranging from 0.75 to 2.0 kg/
cm?. The experiments were conducted for the pressure ranges from 1.0 to 2.5 kg/
cm? for precipitation pattern treatment and micro sprinkler spacing of 1.5x 1.5 m,
2.25%2.25m,3.0x 3.0 m, and 3.75 X 3.75 m under low-wind-speed condition. Pres-
sure—discharge relationship followed the power law: Q = 44.45 P°78, Precipitation
pattern was found to be flat elliptical type at low operating pressure, and it gradually
changed to triangular type with increase in pressure. The EU was > 90%. The UC
and DU increased with increasing operating pressure and decreased with increase in
micro sprinkler spacing. It was concluded that the micro sprinklers should be oper-
ated at a pressure range of 1.5-2.0 kg/cm? and at a spacing of 1.5 x 1.5 m.
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APPENDIX I: SAMPLE EXAMPLE

Calculations to evaluate the performance parameter of micro sprinkler at an operat-
ing pressure of 1.0 kg/cm? by Keller method.

R = Wetted radius = 1.2 m

First concentric radius = R X 0.40 = 1.2 X 0.40 = 0.48 m

Second concentric radius = R X 0.60 = 1.2 X 0.60 = 0.72 m

Third concentric radius =R X 0.78 =1.2 X 0.78 = 0.94 m

Fourth concentric radius=R x0.93=1.2x0.93=1.12m

e Average precipitation depth 4, in the first concentric ring

d 8.83+16.91+14.99+13.92  54.65

. =13.66 mm/h
4

e Average precipitation depth d, in the second concentric ring
d,=0.0 mm/h
* Average precipitation depth d, in the third concentric ring

d _1726+14.99+17.83+12.17+8.71+14.99+12.73+19.80 _ 118.48 .
3= =
8 8

d,= 14.81 mm/h
e Average precipitation depth d, in the fourth concentric ring

d,_ 0.51+2.66+0.86+5.15 lim = 9.18 =229 mm/h
4 xmen
(1) Average application depth

_d+d,+d,+d, 13.66+0+14.81+2.29  30.76

4 4
(2) Effective maximum depth (mm/h)

d =7.69 mm/h

16.91+14.99+13.924+17.26 +14.99+17.83+12.17+14.99+12.73+19.80
a 10
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_15539 _ 1556 mm/h

10
(3) Absolute maximum depth = 19.80 mm/h
(4) Mean application depth

_Dd 188.126-5.82 182.30
N 23-7 16

=11.40 mm/h

(5) Precipitation pattern as distribution characteristics

Area receiving the depth greater than average depth «
Total wetted area

Distribution Characteristic= 100

_1.09

452
=24.07%

x100

(6) Coefficient of variation

o [Zdiz and
N
di? / 1367.30
o= Z 1 or . _ 2—:7.71 and
N 23

cv=—""L_o67
11.40
(7) Effective radius, Re = 1.0 m

Coefficient of variation for 1.0 kg/cm? by Keller method

da di = (d-da) di
0.45 11.40 ~10.95 119.90
0.51 11.40 ~10.89 118.59
17.26 11.40 5.86 34.34
14.99 11.40 3.59 12.89
2.66 11.40 ~8.74 76.39
1.30 11.40 ~10.10 102.01
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19.80 11.40 8.40 70.56
8.83 11.40 -2.57 6.60
16.91 11.40 5.51 30.36
17.83 11.40 6.43 41.34
0.10 11.40 —-11.30 127.78
1.80 11.40 -9.60 92.16
12.73 11.40 1.33 1.77
13.92 11.40 2.52 6.35
14.99 11.40 3.59 12.89
12.17 11.40 0.77 0.59
0.34 11.40 —-11.06 122.32
5.15 11.40 —6.25 39.06
14.99 11.40 3.59 12.89
8.71 11.40 -2.69 7.24
0.86 11.40 -10.54 111.09
1.30 11.40 -10.10 102.01
0.53 11.40 -10.87 118.16
> 188.13 > 1367.30
Total observation = 23

Observations to be considered for the estimation of average application depth by
concentric ring method given by Keller for micro sprinkler at 1.0 kg/cm?
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APPENDIX Il: SAMPLE EXAMPLE

Observation of precipitation depth (mm) for 30 min at grid points for calculating
uniformity coefficient and distribution uniformity for 1.5 X 1.5 m spacing at 0.75
kg/cm?

R1
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S1 792 |9.05 |8.18 |6.68 |S4 537 16.79 752 |585 |S7
622 |7.64 |9.62 |840 |7.74 |5.09 5.66 |6.79 849 |6.51 [5.94
877 19.62 |7.64 |7.52 |7.30 |9.62 6.79 |8.20 7.64 [7.30 ]10.19
792 |736 |7.64 1929 |7.07 |6.19 732 19.05 752 [736 |7.92
5.66 |4.53 |6.79 |5.75 |4.86 |5.09 424 |6.22 9.73 |6.11 |6.79
S2 530 |820 |9.05 442 |S5 538 |7.92 9.62 (481 |S8
736 |5.66 |7.07 |424 |4.81 |6.22 4.86 |11.32 820 |5.09 [6.19
849 |7.07 |9.05 |849 |6.22 |8.20 736 |9.62 10.19 [5.67 |9.05
9.62 1679 1990 |6.79 19.05 |7.36 7.07 |8.49 9.62 |[5.66 |9.62
7.74 1651 |7.36 |4.53 |4.53 |594 4.96 |8.49 9.62 [4.81 |5.09
S3 622 |6.19 489 |5.09 |Sé6 6.51 |7.36 849 1679 |[S9
RII
S1 6.19 |9.51 |10.84 |5.75 |S4 6.19 |10.17 [8.40 |4.42 |S7
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7.52 1990 |10.84|10.10 |4.89 |10.17 |4.53 [9.94 9.51 8.40 |7.07
8.40 |8.84 |10.17|10.10 |5.30 |7.52 530 ]9.62 929 [7.07 |6.63
7.07 |6.63 |7.07 |796 |538 |6.63 5.75 19.07 884 |5.66 |[5.85
S2 4.89 [7.52 [9.51 |[585 |[S5 6.79 |8.49 792 (651 |S8
486 |575 |7.52 |7.07 |530 |5.75 6.81 |9.51 840 |585 [6.19
7.36 |10.106.19 |6.19 |4.85 |7.96 6.11 |7.64 7.64 |7.52 |7.74
849 1951 |7.07 |7.96 |597 |9.73 6.22 |7.36 752 736 |6.19
575 |597 |884 |9.73 |6.63 |6.63 6.19 |7.07 7.74 |597 597
S3 442 [10.84(8.40 |[5.75 |[S6 575 |7.36 537 [6.63 |S9
RIII
S1 6.11 |820 |9.05 |6.22 |S4 736 |8.49 818 |6.51 |87
538 619 |7.52 |6.79 |6.19 |5.75 5.66 |7.52 818 |6.22 |[5.85
7.52 1622 |9.07 |7.92 |6.51 |8.40 796 |7.74 7.74 (849 |6.22
6.63 |6.51 929 |736 |597 |7.96 8.18 |7.52 752 |7.74 |7.07
4.89 (486 (849 (730 |6.63 |[6.19 597 |7.07 849 |6.79 |6.11
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S2 575 |9.51 |10.84 |6.19 |S5 5.85 |7.36 849 |6.63 |[S8
575 |5.75 |10.10|10.17 |6.63 |6.63 555 19.05 9.62 [6.51 |4.53
8.40 |530 |884 [9.94 |4.85 |7.07 9.51 |8.20 9.73 |7.07 |7.52
10.17 |4.89 |7.64 |7.07 |5.85 |7.74 8.84 |7.64 929 736 |6.79
575 |4.53 |7.07 |7.52 622 |7.64 7.07 |7.07 849 |597 [530
S3 597 |6.63 |884 |6.11 |S6 7.07 |7.96 840 |6.19 [S9
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6.1 INTRODUCTION

Irrigation system affects yield and quality of agricultural produce from greenhouse
farming system. Therefore, irrigation is a vital and important part of the greenhouse
agriculture. India ranks 23rd in international flower export (0.38% of world’s flori-
culture export). In India, area under flowers is estimated to be more than 0.1 million
hectare. The total production of flowers in India is 36,568.5 million of loose flowers
and 612,152.3 million of cut flowers.'

During 2007, annual world production of capsicum amounted to 27.46 million
metric tons from an area of 1.72 million hectare. China is the major producer of
capsicum (bell pepper) and contributes 36% of the world’s cultivated area with a
production of 12.53 million tons.? India has an average annual production of 0.9
million tons from an area of 0.885 million hectare with a productivity of 1.017 t/ha.?

In greenhouse cultivation, it is possible to control the weather parameters suit-
able for optimal crop growth. At the same time, it provides an environment that
maximizes the working efficiency and optimal use of natural resources. The main
advantage of greenhouse farming is that production can be obtained throughout the
year even under adverse climatic conditions.*

Out of 172.6 million hectares of cropped area, only 76.82 million hectares is
under irrigation in India. It implies that 44.51% of the cropped area is under irriga-
tion. In Maharashtra, out of 30.8 million hectares of geographical area, 22.5 million
hectares is under irrigation, and 0.541 million hectares is under drip irrigation. In
Mabharashtra, in majority of the areas under drip irrigation, the source of irrigation
water is groundwater. In different parts of Maharashtra state, average salt concentra-
tion of well water ranges between 425 and 2135 ppm, electrical conductivity (EC)
is in the range of 0.66—3.337 dS/m, and pH is in the range of 7.5-8.5.5 Predominant
soluble salts consist of sulfate, magnesium, and sodium. Comparatively higher salt
concentration of groundwater is known to cause partial or total clogging of emitters.

The main hurdle in drip irrigation management is emitter clogging. The phe-
nomenon of emitter clogging has been extensively studied by various investiga-
tors.*® The emitter cogging can be caused by physical, chemical, and biological
agents.'® Physical clogging is caused by suspended inorganic particles (sand, silt,
clay, and plastics), organic materials (animal residues, snails, etc.) and microbio-
logical debris (algae, protozoa, etc.), and physical materials often combined with
bacterial slimes. Chemical clogging is due to dissolved solids integrating with each
other to form precipitates, such as the precipitation of calcium carbonate in water
that is rich in calcium and bicarbonates.!' Biological clogging is due to algae, iron
slimes, and sulfur slimes (Table 6.1).
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TABLE 6.1 Criteria for Plugging Potential of Drip Irrigation System

Clogging Agent Slight Moderate Severe

Parts Per Million (ppm) Except pH

Physical

Suspended solids <50 50-100 >100
Chemical

pH <7.0 7.0-7.5 >7.5
Dissolved solids <500 500-2000 >2000
Manganese <0.1 0.1-1.5 >1.5
Iron <0.1 0.1-1.5 >1.5
Hardness <150 150-300 >300
Hydrogen sulfide <0.5 0.5-2.0 >2.0
Biological

Bacteria <10,000 10,000-50,000 >50,000

To prevent emitter clogging, different methods are in use. Filtering and flushing
of drip lines are simple and useful methods to prevent emitter clogging, particularly
in case of physical clogging.!? Filtering can prevent inorganic particles and organic
materials suspended in water from entering into the drip irrigation system. Flushing
of drip lines can wash out inorganic and organic materials precipitated in emitter ori-
fices and on the inside wall of drip hoses of the drip system. Chemical clogging can
be controlled with chlorination or acid injection, which can lower the pH value of
irrigation water and thus prevent chemical precipitation. Biological clogging is quite
difficult to control. Chlorination is one of the most common and efficient methods to
prevent and treat emitter clogging caused by algae and bacteria.!>*

Acidification is the injection of acid into drip irrigation system to reduce emitter
clogging and is primarily carried out to lower the pH of the irrigation water and to
prevent precipitations of salts. Precipitation of salts (calcium carbonate, magnesium
carbonate, or ferric oxide) can cause either partial or complete blockage of the sys-
tem. Acid may also be effective in cleaning the system, which is already partially
blocked due to precipitation of salts. The most reliable step for deciding on an acid
treatment is the water analysis. Water samples are collected during the survey and
then analyzed to recommend acid treatment based on the water quality. Generally,
hydrochloric acid, nitric acid, sulfuric acid, and phosphoric acid are used for acid
treatment.'> Argus nutrient dosing handbook!® is an excellent source and guide for
nutrient dosing.
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Emitter clogging greatly reduces water distribution uniformity in the irrigated
field, which negatively influences crop growth and yield.'""

Considering these factors, project work entitled Studies on efficiency of acids for
unclogging of emitters was undertaken with the following objectives:

1. To study efficiency of acidification of trickle irrigation system.

2. To monitor emission uniformity (EU) for different acid treatments.

3. To suggest a suitable acid treatment for unclogging of emitters.

4. To study the response of rose flower and capsicum (bell pepper) crops to
different acid treatments.

6.2 REVIEW OF LITERATURE
6.2.1 SCOPE OF MICRO IRRIGATION

Evans and Probsting? reported that adequate water was available without deep per-
colation to orchard crops when irrigated at 100% evapotranspiration, under drip
irrigation.

Pampattiwar®! revealed that fruit yield of lime under minimum water stress ir-
rigation treatment was significantly superior over maximum water stress under sur-
face irrigation treatment. The yield of drip-irrigated lime was significantly superior
over furrow irrigation.

Modi and Sood? indicated that water demand for agriculture will increase from
470 km?® in 1985 to 740 km?® in 2025, whereas demand for nonagricultural activities
will increase from 70 to 280 km?®. Irrigation is a necessary condition for increasing
agricultural production and productivity. Under drip irrigation system, water losses
due to conveyance, distribution, and evaporation are reduced to a large extent, and
water use efficiency (WUE) is as high as 95% compared with conventional irriga-
tion.

For drip irrigation, William* mentioned advantages, disadvantages, system
components, and benefits in raising fruit and vegetable crops because of improve-
ment in quality. Narayanamoorthy?* found micro irrigation to be an efficient irri-
gation method in saving water and increasing WUE compared with conventional
surface irrigation, where WUE is only about 30-40%. Oza® has discussed topics
such as irrigation sector terminology, what is irrigation, status of irrigation, irriga-
tion and water resources in India, importance of irrigation in the Indian economy,
and beneficiaries of irrigation.

Awulachew and Talu?® stated that drip irrigation supplies water to the soil in the
vicinity of plants at low flow rates (0.5-10 Iph, depending on emitter type) from
lateral line fitted with emitters. Jain (2010) reported that presently more than 0.26
million hectare is micro irrigated in the country. Maharashtra is the state leading in
the adoption of micro irrigation. Here, out of the total irrigated area of 2.52 million
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hectare, 62% of area is irrigated from more than a million privately owned dug
wells.

Sai*” reported that use of drip irrigation enhances irrigation efficiency compared
with conventional irrigation. With proper management, application efficiency of a
drip irrigation system can range from 80 to 90% for a well-designed, installed, and
maintained drip irrigation system compared with 55% for a drip irrigation system
without proper management. Drip irrigation can reduce exposure to water risks and
input costs making agribusiness operation more resilient, profitable, and solvent.

6.2.2 DRIP IRRIGATION SYSTEM

David and Mills?® stated that water is becoming more expensive nowadays because
of which drip irrigation has increased in popularity. The rise in popularity has coin-
cided with the development of new irrigation technology, combined with a revised
philosophy on the part of home gardeners and the green industry to conserve water.

For irrigation planning of a project, Toth® reported that the required and utiliz-
able water has to be available with 80% of security. Water resource can be under-
ground water, artificial channels, or natural rivers, lakes, or sewage water.

Anonymus'® and Jain Irrigation have discussed components of drip irrigation
system, types of micro irrigation, advantages and disadvantages of drip irrigation,
principle of drip irrigation, and automation of irrigation system. Rogers et al.* stat-
ed that subsurface drip irrigation can function without all of the listed components;
however, it may be difficult to manage and maintain and may perform poorly. Usu-
ally, there are several types of each component. Drip irrigation system can be ar-
ranged in different layouts. Variations in pressure within pipes will affect the output
of individual emitters.

Arizona Landscape Irrigation®' indicated that components of a drip irrigation
system include irrigation controller or timer, backflow preventer, valves, filters,
pressure regulator, pipes, micro tubing, emitters, flushing valve, and cap. Knowl-
edge of different components of drip irrigation is essential in design. Poly pipes and
pipe fittings should be made by the same manufacturer. The hole puncher should be
made by the same manufacturer of the emitter.’>*

6.2.3 WATER QUALITY IN DRIP IRRIGATION

Patil et al.** studied water quality of 25 dug wells during rainy, winter, and summer
seasons for irrigation suitability. They observed that well water was alkaline in reac-
tion, and the salinity was increased during the summer season. Clark and Rogers?
reported that water for drip irrigation can come from wells, ponds, rivers, lakes,
municipal water systems, or plastic-lined pits. Water from these various sources will
have large differences in quality. Well water and municipal water are generally clean
and may require only a screen or disk filter to remove suspensions.
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Schultheis®” reported that water should be analyzed for inorganic solids (sand
and silt), organic solids (algae, bacteria, and slime), dissolved solids (iron, man-
ganese, sulfates, chlorides, and carbonates (calcium)), pH, and hardness of water.
Table 6.1 indicates effects of physical, chemical, and biological parameters on the
clogging potential of drip irrigation systems. Lamont and Orzolek*** reported that
water source and water quality analysis should identify inorganic solids, organic
solids, and dissolved solids. Rogers et al.* reported that recommended water qual-
ity tests include electrical conductivity (EC), pH, cations, anions, sodium absorption
ratio (SAR), nitrate nitrogen, iron, manganese, hydrogen sulfide, total suspended
solids (TSS), bacterial population, boron, and the presence of oil.

Dehghanisanji et al.’* found that pressure-compensating emitters have smaller
variations in emitter discharge than non-pressure-compensating emitters, when low
quality of water was induced with algae and protozoa. Also emitter with self-flush-
ing and pressure-compensating emitters should have priority for use in drip irriga-
tion under saline water.

Thokal* analyzed the water samples collected from Katepurna, command area
of Vidarbha, India. Overall, 90% water samples collected from wells were not fit for
irrigation. By use of poor quality water, soil alkalinity and salinity problems occur.

Shrivastava*' collected water samples from Nagpur main drain orchard region of
central India, and all samples were analyzed for salinity indices (total soluble salts,
chloride content, and sodality index). They observed that chloride content of all
samples was below its toxic limit, and cationic composition of water was dominated
by calcium and magnesium ions.

For the determination of the quality of irrigation water, Flynn** considered pH,
EC, calcium (Ca), magnesium (Mg), sodium (Na), chloride (Cl), Boron (B), sulfate
(SO,), and bicarbonate (HCO,). Wastewater effluent is being used in drip irrigation
with a good filtration system***

6.2.4 EMISSION UNIFORMITY, UNIFORMITY COEFFICIENT,
AND COEFFICIENT OF VARIATION

Researchers have reported that application efficiency ranged from 92.67 to 93.12%
for drip irrigation, and the uniformity coefficient (UC) ranged from 95.67 to
96.54%. Capra and Tamburino’ computed the EU coefficient. Lamm®* reported that
for design and installation of micro irrigation system, equivalent uniformities were
tabulated. The statistical uniformity was related to the field EU, by using the lower
quartile method of calculating the distribution uniformity.

Soccol et al.*é evaluated the performance of drip irrigation based on average
EU, statistical uniformity, and coefficient of global variation, and these values were
74.51, 77.69, and 23.31%, respectively. The efficiency parameters were below ex-
pectations. Values of application efficiency, storage efficiency, deep percolation,
deficit degree, and adequacy degree were 100, 47, 83, 52.17, and 0%, respectively.
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Reinders*’ reported that field EU of all dripper types was deteriorated over time
from 87 in the first evaluation to 82.4% in the fourth and last evaluation 1 year later.
With regard to the statistical discharge coefficient, the drippers met in only 69% of
the requirements.

El Gendy*® stated that the direction of soil water movement was useful for de-
fining the depth of sampling of active roots for water absorption and active rooting
depth. These parameters clearly affected the water movement based on 100 and 75%
of ET.. Bakhsh et al.*’ reported that deficit irrigation has the potential to improve
WUE for drip irrigation system. They compared effects of 15% (D) and 30% (D, )
deficit irrigation on WUE of cotton compared with no deficit (D,) irrigation using
drip irrigation system.

Aali and Liaghat® evaluated five types of emitters (with different nominal dis-
charges with or without self-flushing system, and with or without pressure-com-
pensating system) under three management practices: untreated well water, acidic
treated water, and magnetic treated water. They studied effects of these parameters
on chemical clogging, flow reduction rate, statistical UC, EU coefficient, and varia-
tion coefficient of emitter performance in the field.

Sah et al.>' evaluated vegetable growth, hydraulic performance, crop water re-
quirement, WUE, and cost economics for tomato and broccoli. The payback period
was one season, and benefit-to-cost ratio was 1.59 to 5.31.

6.2.5 CLOGGING: CAUSES AND PREVENTION

Alam and Rogers™ reported that all irrigation systems require proper maintenance.
Subsurface drip irrigation systems are no exception. Clogging is major cause of
failures in subsurface drip irrigation and other micro irrigation systems worldwide.

Bozkurt and Ozekici®® evaluated the effects of different fertigation practices on
clogging in in-line emitters using well water. Three different emitters and three dif-
ferent fertigation treatments with flushing and no flushing management groups were
evaluated. Emitter discharge rates were tested at the beginning and at the end of
every season to determine emitter flow variations, which depend on the degree of
emitter clogging.

Ribeiro et al.>* mentioned that many producers use trickle irrigation systems for
flower production in the field and in protected environments. A frequent problem in
drip irrigation is clogging of drippers, which is directly related to water quality and
filtering efficiency.

Qingsong and Shuhuai® reported that emitter clogging will greatly affect the
irrigation efficiency and the running cost of drip irrigation. If there is an effective
method to predict emitter clogging, the loss will be reduced to a minimum. A sol-
id-liquid two-phase turbulent model describing the flow within drip emitters was
studied.
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Liu and Huang™ studied the emitter performance of three commonly used emit-

ter types with the application of freshwater and treated sewage effluent. The three
emitter types are the in-line-labyrinth types of emitters with turbulent flow (E,) and
laminar flow (E,) and online pressure-compensating emitters (E,). The qualities of
freshwater and treated sewage effluent were measured, and the emitter performance
was evaluated using the relative emitter discharge, the reduction of emitter dis-
charge, the coefficient of variation, EU, Christiansen’s uniformity coefficient, and
the percentage of emitter clogging.

Yavuz et al’” stated that emitter clogging affects the performance of drip irriga-
tion. Emitter clogging is formed in a short time due to drip irrigation system running
under an inadequate pressure or owing to water quality, and this negatively influ-
ences the uniformity of water distribution.

6.2.6 ACIDIFICATION TO PREVENT CLOGGING

Enciso and Porter*® developed maintenance program for cleaning the filters, flushing
the lines, adding chlorine, and injecting acids. If the preventive measures are taken,
the need for major repairs such as replacing damaged parts often can be avoided to
extend the life of the system.

Jain Irrigation® stated that precipitation of salts (calcium carbonate, magnesium
carbonate, or ferric oxide) can cause either partial or complete blockage of the drip
irrigation systems. Acid treatment is applied to prevent precipitation of such salts.
Acid is also effective in cleaning systems, which are already blocked with precipi-
tates of salts. Anonymous®!® stated that acid injection rate depends on the salt con-
tent in the water denoted by EC reading in a water test report. For EC above 0.5, acid
injections are recommended. The frequency of acid injection for EC up to 1.0 can
be 45 days; for EC 1.0-1.5, it should be 30 days; and for EC 1.5-2.5, it should be 15
days. Water of EC above 2 should not be used for drip irrigation.

Jain Irrigation'* stated that the irrigation pumping plant and the chemical injec-
tion pump should be interlocked so that when irrigation pumping plant stops, chemi-
cal injection pump will also stop. It prevents chemical from the supply tank from
filling irrigation lines if the irrigation pump stops. The system should be flushed
regularly as determined by water quality, monitoring, and recording data. Start the
flushing process from the pump onward. Make sure that the filters are clean and
pressure is set correctly; systematically clean the mainline, submains, and laterals
and flushing manifold.

Ribeiro et al.** indicated that the frequent problem in drip irrigation system is
clogging of drippers, which is directly related to the water quality and the filtering
system efficiency. They evaluated efficiency of nitric acid and sodium hypochlorite
to unclog drippers that were clogged due to use of water with high algal content.

Aali and Liaghat® evaluated five types of emitters with different discharge rates,
with or without self-flushing system, and with or without pressure-compensating
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systems. They used untreated well water, acidic treated water, and magnetic treated
water in order to reduce chemical clogging.

Netafim USA* reported that to save money, concentrated and inexpensive tech-
nical acids should be used such as concentrated technical hydrochloric, nitric, or
sulfuric acid. Phosphoric acid applied as fertilizer through the drip system might,
under certain conditions, also act as a preventive measure against the formation of
precipitates.

6.2.7 EFFECTS OF EMISSION UNIFORMITY ON CROP
GROWTH PARAMETERS

Researchers have reported that increase in the plant density of capsicum from nor-
mal level can increase yield and thus can have more gross returns under greenhouse
conditions. Rahman and EI-Sheik® studied the effects of EU on growth parameter
of three varieties (California Wonder, Yolo Wonder, and HW Yellow) of bell pep-
pers and found that California Wonder was best suited for greenhouse cultivation
as it gave 44,500 kg/ha under greenhouse compared with 16,400 kg/ha under field
conditions. Similarly, among the three capsicum cultivars (Colombo, Galaxy, and
Gideon) grown under plastic house, the cultivar Colombo gave the highest yield
(4.17 kg/plant), fruit length (11.98 cm), fruit weight (230 g), diameter of fruit (7.75
cm), dry matter content (4.59%), and TSS (4.27%) compared with other varieties.

Seekar and Hochmuth® indicated that higher marketable yield of sweet pepper
(4.62 kg/m?*) was obtained under plastic mulch compared with open (3.40 kg/m?),
and harvesting was earlier under plastic cover than in open field. Tunnel-covered
plants resulted in higher yield (98.00 t’/ha) compared with open field (68.00 t/ha)
conditions.

Saen and Pathom® studied the effects of three pruning methods (no pruning,
two-branch pruning, and four-branch pruning) on pepper yield and fruit quality.
Pruning increased plant height, fruit weight, and fruit length. The four-branch prun-
ing increased fruit weight by 13%.

Ashok® studied the effects of varying levels (50, 100, 150 ppm) and sources of
N fertigation (ammonium nitrate, aqueous ammonia, nitric acid, and urea) on the
flowering of cut rose cv. First Red under protected cultivation. Ammonium nitrate
at 150 ppm gave the highest values of bud circumference (6.09 cm), flower diameter
(7.33 cm), petal length (4.01 cm), petal breadth (3.84 cm), and flower yield (153/m?)
compared with other treatments.

Megharaja® observed significantly higher plant height (94.36 cm), number of
branches (31.94), and total number of fruits (12.08) of capsicum cv. Indira under po-
ly-house conditions compared with plants grown under open field conditions (45.33,
14.25, and 5.43 cm, respectively). Higher values of fruit length, fruit breadth, fruit
weight, and fruit volume (8.54 cm, 6.76 cm, 120.06 g and 255.97 cm’, respectively)
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were recorded under greenhouse conditions compared with those procured from
open field (5.67 cm, 4.40 cm, 56.17 g, and 114.42 cm?, respectively).

Barbosa and Santose® evaluated flower yield and quality of rose cv. Sonia and
Red Success as affected by different potassium (K) rates through drip irrigation. The
K treatment was 0, 30, 60, and 90 g/m*year applied to the plants. Maximum yield
of rose stems with superior quality (>69 cm in length) was obtained with a K ap-
plication rate of 49.76 g/m?*/year. Sonia yielded a higher number of normal straight
stem of 50.36 g/m?*/year. The increase in K application in Red Success produced a
reduction in the infection of diseases.

Muhammad® studied eight cultivars of gladiolus to study the influence of po-
tassium levels (0, 100, and 200 kg/ha). All growth parameter were significantly
affected by different potassium levels. Potassium levels significantly affected days
to spike emergence and opening of first florets. A spike emergence was earlier at
100 kg/ha.

6.3 MATERIALS AND METHODS

During January 2011 to July 2011, a field experiment on drip irrigation system was
installed in poly-house, at Hi-Tech Floriculture Project, Fruit Research Station, Au-
rangabad. Aurangabad district is situated in the Marathwada region of Maharashtra
state at 19°N latitude and 20°E longitude. The average rainfall at the site was 734
mm. The temperature ranged from 5.6 to 45.9°C.

The experiments were planned in two poly-houses: one poly-house with online-
type pc emitters (orifice) and other poly-house with in-line-type non-pc emitters
(long path). Each poly-house was of 20 R each with irrigation hydraulic valve that
was for one sector. There were six treatments with six plots in each poly-house. In
one poly-house, pot culture in cocopeat (substrate) cultivation was used with Ne-
tafim online pressure-compensating dripper. Other poly-house was provided with
soil cultivation (Red soil mix) with Jain in-line non-pressure-compensating dripper.
Drip irrigation system consisted of four valves and fertigation unit. The experimen-
tal layouts are shown in Figs. 6.1 and 6.2. Five types of acids were evaluated (Figs.
6.3 and 6.4). Treatments consisted of the following:

Main Treatments

Online-type pressure-compensating emitters (orifice) In-line-type non-pressure-com-
pensating emitters (long path)

Sub-treatments
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OT, - DS-99

OT, — Sulfuric acid (H,SO,) - 75%
OT, — Nitric acid (HNO,) - 70%

OT, — Hydrochloric acid (HCI) - 37%
OT, — Phosphoric acid (H,PO,) — 85%
OT, — Flushing interval 15 days

LT, - DS-99

LT, — Sulfuric acid (H,SO,) -
75%

LT, — Nitric acid (HNO,) — 70%

LT, — Hydrochloric acid (HCI)
-37%

LT, — Phosphoric acid (H,PO,)
—85%

LT, - Flushing interval 15 days

The observations consisted of the following:

First observation at 0 days
Second observation at 15 days

Third observation at 30 days

64

Average EU for before and after each treatment
Average EU for before and after each treatment

Average EU for before and after each treatment
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&
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FIGURE 6.3 DS-99 acid and phosphoric acid.
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FIGURE 6.4 Hydrochloric acid, sulfuric acid, and nitric acid used for treatments.

6.3.1 DESIGN SPECIFICATIONS

Tables 6.2 and 6.3 show details of plots in poly-house of in-line-type emitter (non-
pc) and poly-house of online-type emitter (pc). Design specifications are shown

below:

Type of Poly-House

Partially Controlled Naturally

Experimental design

Number of replications

Number of poly-houses

Size of poly-house with online-type emitter
Size of poly-house with in-line-type emitter
Direction

Sector of two poly-houses

Plots per sector

Total plots in two poly-houses

Size of each plot

Number of valves

Number of valves per sector

Fertigation unit

Water source

Ventilated poly-house
Random block design (RBD)
3

2

2048 m* (64 m x 32 m)
2088 m* (58 m x 36 m)
North—South

4

3

12

3.3 Area (R)

4

1

Make Talgil, from Israel.
Tube well
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TABLE 6.2 Details of Plot in Each Poly-House of Online-Type Emitters (pc)

Treatments

Particulars oT oT, OT, OT, OT; OT,
Area (R) 33 33 33 33 33 33
No. of lines 7 7 6 7 7 6
No. of laterals 7 7 6 7 7 6
No. of drippers per lateral 96 96 96 91 91 91
Discharge of dripper (Iph) 8 8 8 8 8 8
Arrow dripper with four-way mani-

fold (Iph) 2 2 2 2 2 2
Volume of water (Iph) 5376 5376 4608 5096 5096 4368
Volume of water (L/5 min) 448 448 384 4246 4246 364
Acid required for 1 L of water (mL) 0.8 0.8 0.8 0.8 1 -
Acid required for volume of water

(mL/5 min) 3584 3584 3072 339.6 4246 -
Interval of treatments (days) 15 15 15 15 15 15
TABLE 6.3 Details of Plot in Each Poly-House of In-line-Type Emitter (Non-pc)

Treatments

Particulars LT, LT, LT, LT, LT, LT,
Area (R) 33 33 33 33 33 33
No. of beds 7 7 7 7 6 6

No. of laterals 14 14 14 14 12 12
No. of drippers per lateral 158 158 158 158 158 158
Discharge of dripper (Iph) 1.3 1.3 1.3 1.3 1.3 1.3
Volume of water (Iph) 2875.6  2875.6 2875.6 2875.6 2464.8 2464.8
Volume of water (L/5 min) 239.6 239.6  239.6 239.6 2054 2054
Acid required for 1 L of water 0.8 0.8 0.8 0.8 1.0 -
(mL)

Acid required for volume of 191.68 191.68 191.68 191.68 2054 -
water (mL/5 min)

Interval of treatments (days) 15 15 15 15 15 15
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6.3.2 DRIP IRRIGATION SYSTEM

In this chapter, the drip irrigation system consisted of water source, pump, control
valves, sand filter, pressure gauges, fertigation unit, mainline, submain line, lateral,
emitters, and other accessories (tee, elbow, coupling, flush valve, end plug, etc.).

The existing water source on farm is a bore well that is located adjacent to the
experimental plot. The 10 HP submersible pump was used for pumping the wa-
ter from the sump well. Control valve consisted of bypass arrangement, non-return
valve (NRV), pressure release valve (PRV), and gate valve. NRV and PRV were
used to control the flow and pressure in the drip irrigation system. Bypass was used
to divert the water in excess of the design discharge to the well by opening the by-
pass valve. It was provided before the filter. Gate valve was used to create the pres-
sure difference for the fertigation units. Sand filter was used to remove organic and
inorganic contaminates from the source of bore well water. Pressure gauge was used
to check and measure the water pressure developed in pipe lines. In drip irrigation
system, 1.5 kg/cm? of operating pressure was provided at head unit. Fertigation unit
make Talgil (imported from Israel) was used (Fig. 6.5). It consisted of 200-L tank,
7.5 HP motor, venturi meter, pH sensor, and EC sensor. Water meter measured the
quantity of water flowing through the system.

FIGURE 6.5 Fertigation unit.

Mainline carried irrigation water from the head unit to submain. The mainline
was polyvinyl chloride (PVC) pipe with 75 mm diameter and 4 kg/cm? pressure
class. Submain line carried irrigation water from mainline to laterals. PVC pipe of
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63 mm diameter and 4 kg/cm? pressure class was used. Lateral carried water from
submain to each crop. The low-density polyethylene pipes of 16 mm diameter were
used as lateral. The lateral spacing in poly-house with substrate cultivation was 1.6
m, and poly-house with soil cultivation was 1.2 m. Dripper is the water-emitting
device to convey water from lateral to the root zone of crop. Online- and in-line-type
drippers were used. In this study, authors used online-type pressure-compensating
dripper having a discharge of 8 Iph with four-way manifold spaced at 30 cm, the
arrow dripper connected to the four-way manifold of main dripper with a micro tube
of 4 mm diameter, and in-line-type non-pressure-compensating dripper having a
discharge of 1.3 Iph spaced at 20 cm.

Accessories (PVC coupling, bends, tees, elbows, end cap, and flush valve) were
used to make necessary connections in mainline and submain lines. End plugs were
used at the end of mainline and submain line to plug the water flow.

6.3.3 PERFORMANCE EVALUATION OF DRIP IRRIGATION
SYSTEM

In order to evaluate the performance of drip irrigation system in this chapter, EU
was recorded. The observations for discharges through the emitters were recorded
by using the following standard procedure:

» For EU, six laterals were selected from 3.3-R area at first two lines, middle
two lines, and last two lines. Random emitters (two from each line) were
selected.

* Discharge of the selected emitter for 15 min was collected in the measuring
cylinder after starting the pulse.

» Observed values were arranged in ascending or descending order.

» The average of the lowest one-fourth value of descending or ascending order
data was calculated. Then, the average of all the values of descending or as-
cending order data was determined.

a. Emission uniformity
The EU was determined by using the following equation’:

EU =100 x [¢,/¢ ] (1)

where EU is the field emission uniformity (%), g, is the average of the lowest one-
fourth of the field data on emitter discharge (Iph), and g, is the average of all the field
data emitter discharge (Iph). Procedure to measure EU is shown in Figs. 6.6-6.9.
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FIGURE 6.6 Selected orifice-type emitter (online pc) for measuring emission uniformity.

FIGURE 6.7 Selected in-line-type emitter (non-PC) for measuring emission uniformity.
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FIGURE 6.8 Measurement of discharge for emission uniformity on orifice-type emitter
(online pc).

FIGURE 6.9 Measurement of discharge for emission uniformity on in-line-type emitter
(non-pc).

b. Uniformity coefficient
The UC (%) was determined as follows®’:

UC =100 % [1 = (S,/q,)] ©)

where UC is the uniformity coefficient (%), SCl is the standard deviation of emitter
discharge (Iph), and ¢, is the average emitter discharge (Iph).
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c. Coefficient of Variation
The coefficient of variation (C,, %) is determined as follows®:

C, =100 x [S /q,] 3)

where C, is the coefficient of variation (%), Sq is the standard deviation of emitter
discharge (Iph), and ¢, is the average emitter discharge (Iph). Classification of per-
formance of drip irrigation system is shown in Table 6.4.

TABLE 6.4 Classification of Performance of Drip Irrigation System

Particulars Performance Evaluation (%)

Excellent Good Marginal  Poor Unacceptable

Emission uniformity 94-100 81-87 68-75 5662 <50
Uniformity coefficient  95-100 85-90 75-80 65-70 <60
Coefficient of variation <5 5-7 7-11 11-15 >15

Source: From ASAE-EP458.1.%

6.3.4

IMPLEMENTATION OF ACID TREATMENT

The acid required for the known volume of water sample was determined by the
following procedure:

1

2.

For acid treatment, water sample of 1 L was collected from the existing
water source of the project.

Simple titration method was followed by adding acid drop by drop in this
water sample. At the time of titration, glass rod is used frequently for stir-
ring, and pH of the solution was determined.

The quantity of acid required to maintain a pH value of 4.00 was calculated.
The pH meter was used to determine the pH value.

To implement the acid treatment, fertigation unit was used. The acid was
mixed with water, and the diluted solution was discharged at the other end.
The unit was kept 24 h un-operated, and the action of acid on clogged lat-
erals was observed. Generally, acid action will be effective after 6-8 h of
discharge.
After 24 h, the unit was operated to flush the submains and laterals so that
the remaining residues of the salts will be driven out of the system, and the
EU can be effectively observed (Fig. 6.10).
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FIGURE 6.10 Flushing of laterals after acid treatment.

6.3.5 ACID INJECTION RATE

The acid injection rate can be determined by the following equation:
0, =[3.6 x0OxA)[V] “)

where O is the acid injection rate (Iph), O is the system flow rate (Iph), 4 is the acid
quantity (mL) to achieve the required pH in a water sample, and V is the Volume of
test sample (liters).

6.3.6 BIOMETRIC OBSERVATIONS

It was found that the emitters were unclogged after acidification. To study the crop
response to acidification, the biometric observations of Dutch rose flower in sub-
strate and capsicum (bell pepper) in soil were recorded.

6.3.6.1 BIOMETRIC OBSERVATIONS: DUTCH ROSE FLOWER

The crop growth parameters (number of sprouts, stalk height, and stalk girth) were
recorded approximately at 60-day interval after planting until harvest with five ran-
domly selected plants in each replication from each plot. The observations at harvest
included bud length, bud diameter, and the number of flowers/m?. During 2011, the
cultural operations were conducted as follows:
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February 10: Field layout April 6-9 Sprouting
February 16 Transplanting June 26-July 10 Harvesting, six
March 23 Bending

Under substrate cultivation, irrigation and fertigation are a single activity. There-
fore, pH and EC values of the irrigation water were fixed in the range of 5.5-6 and
1.2—1.4, respectively. There were four to six irrigation pulses of 3-min duration per
day, monitored on drip drain ratio strictly to 33%. On the basis of water analysis,
fertilizer dose per 1000 L of base solution was formulated as shown below:

Tank A Tank B Tank C
1. Calcium nitrate 57 kg 1. Potassium nitrate 30 kg Contains acid solution to
2. Ferrous (EDDHA) 2.8 kg | 2. Potassium sulfate 22 Kg control pH of irrigation

to the desired level
3. Monoammonium phosphate

14 kg
4. Magnesium sulfate 85 g
5. Zinc sulfate 115 g
6. Borax 286 g
7. Copper sulfate 19 g
8. Ammonium molybdate 12 g

During the crop growth, the biometric observations were recorded on regular
intervals manually. At 15 days after bending operation, the number of sprouts for
selected plants in each replication was observed, and initiated sprouts were recorded
(Fig. 6.11). After the commencement of sprouting, the length of sprout was recorded
by using a ruler at an interval of 10 days, until the harvesting (Fig. 6.12). Stalk girth
of a flower is the diameter of the growing sprout, and it was recorded with a vernier
caliper at an interval of 10 days until harvesting (Fig. 6.13). After maturity of stalk
buds, bud length from the base of the flower to tip of the flower was recorded with
a vernier caliper (Fig. 6.14). After attaining full distance between two horizontal
ends, bud diameter of the flower was recorded. The number of flowers/m? at each
harvest was recorded.
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FIGURE 6.12 Measurement of stalk length.

FIGURE 6.13 Measurement of stalk girth.
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PP, . jr—

FIGURE 6.14 Measurement of bud length.

6.3.6.2 BIOMETRIC OBSERVATIONS OF CAPSICUM

The crop growth parameters were recorded from five randomly selected plants in
each replication from each plot (Figs. 6.15-6.19). Plant height was recorded at 30-
day interval after transplanting until last harvest. Plant spread (EW/NS) and plant
girth were recorded approximately at 60-day interval after transplanting until har-
vest. These plants were properly labeled, and growth parameters were monitored.
The observations at harvest included fruit length, fruit breadth, number of fruit, and
fruit yield/m?2. The cultural operations were scheduled as follows:

Operations Frequency Date of Operation

Sowing of seed 1 February 13, 2011

Field layout - February 10, 2011
Transplanting 1 March 31, 2011

Harvesting 3 June 27,2011, to July 10,2011
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FIGURE 6.16 Measurement of capsicum plant spreads.
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FIGURE 6.18 Fruit length.
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FIGURE 6.19 Fruit weight.

The fertigation (kg/ha/day) as per recommendations for bell pepper was done in
combination with irrigation to obtain higher yield and better fruit by increasing ap-
plication efficiency. Fertilizer dose for capsicum per 1000 m? was as follows:

Fertilizer Recommended Dose

19:19:19 1 kg

00:52:34 200 g

00:00:50375 g

After transplanting bell pepper, plant height (cm) was measured with a ruler
at 30 days after transplanting (DAP) interval. Plant spread (cm) in east-west and
north—south directions was recorded with a ruler at 60 DAP interval. After 60 DAP,
plant girth (cm) was measured with a vernier caliper at fourth night interval. After
90 DAP until last harvest, fruits were harvested, and numbers of fruits harvested per
plant were counted. After harvesting, the fruit weight (kg per plant) was recorded
with a digital weighing scale. After harvesting, fruit length (the distance between
two terminal ends) and breadth (distance between two broader ends) were measured
with a vernier caliper. Fruit shape index was calculated as follows:

Shape index = [length X breadth]/2 5)
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After harvesting, fruit weight per plant was observed with a digital weighing
balance in kg, and the yield (kg/m?) was determined.

6.3.6.3 STATISTICAL ANALYSIS

All data were analyzed using MAU-STAT software. The appropriate standard error
(SE) and the critical difference (CD) were calculated at P = 5%.

6.4 RESULTS AND DISCUSSION

Partially clogged drip irrigation field was operated to evaluate the effects of acidifi-
cation on growth performance of Dutch rose flower and bell pepper, at the Hi-Tech
Floriculture Project of Fruit Research Station in Aurangabad, India. The water qual-
ity analysis was carried out in the laboratory of the Department of Soil Science and
Agriculture Chemistry, College of Agriculture, MKV, Parbhani, India.

6.4.1. CHEMICAL ANALYSIS OF WATER

The source of water was tube well. The water was analyzed for the dissolved salts,
EC, pH, and SAR. These values are reported in Table 6.5.

TABLE 6.5 Chemical Analysis of Water

Particulars Units Safe Limits Observed Value
Bicarbonate mEq/L 0-1.50 8.4

Calcium mEq/L 0.0-10 44.0

Carbonate mEq/L 0-1.50 1.2

Chloride mEq/L 0-2.00 27.0

Electrical conductivity, EC ms/cm 0-0.25 0.645
Magnesium mEq/L 0-1.25 56.0

pH - 6.5-7.5 7.2

Residual sodium carbonate - <1.25 <1.25

Sodium absorption ratio (SAR) - <10 <10

The chemical analysis of water source revealed that the water contains mostly
neutral salts such as NaCl, CaCl,, and MgCl,. The carbonate content of water was
within safe limits, and the bicarbonate content of the water was moderately high.

© 2016 Apple Academic Press, Inc.



198 Principles and Management of Clogging in Micro Irrigation

The water was of Mg—Ca cationic and CI-HCO, anionic dominant type. The SAR
of water was within the safe limits of <10.” The pH content of water was 7.2 thus
indicating slightly alkaline nature of water. The EC of water was 0.645 ms/cm. Con-
tinuous use of such water may clog the drippers due to precipitation of CaCO, and
MgSO,.

English’ has reported that water supply containing salts of calcium, iron, and
sulfur may precipitate and can cause clogging.

6.4.2 QUANTITY OF ACIDS REQUIRED FOR 1 L OF WATER
SAMPLE

Each acid at different concentration was titrated against 1 L of water sample to lower
down its pH from 7.2 to 4. The quantity of acid required to lower down pH to 4.00
of 1 L of water is given in Table 6.6.

TABLE 6.6 Quantity of Acid Required for 1 L of Water Sample

Acid Concentration, % Quantity of Acid for 1 L of
Type of Acid pH Water Sample, mL
DS 99 4 0.8
HNO, 70 4 1
H,SO, 75 4 0.8
HCI 37 4 0.8
H,PO, 85 4 0.8

Lowering of pH of water prevents precipitation of salts. Similar observations
were reported by Darbie.”

6.4.3 PERFORMANCE OF DRIP IRRIGATION SYSTEM

Two selected drip irrigation sets from two poly-houses (online pressure-compen-
sating-type emitters (pc) and in-line non-compensating-type emitter (non-pc)) were
evaluated by collecting the emitter flow for 1 month (January 1, 2011, to February
2, 2011). From the recorded observations, evaluation of performance parameters
included EU, UC, and coefficient of variations.
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6.4.3.1 ONLINE-TYPE PC EMITTER

6.4.3.1.1 AVERAGE EMISSION UNIFORMITY BEFORE AND AFTER
THE FIRST APPLICATION OF ACID

The average EU before and after the first application of acid is presented in Table
6.7 and Fig. 6.20.

TABLE 6.7 Average Emission Uniformity before and after the First Application of Acid

Treatments Emission Uniformity, EU, %
Before After

OT, 74.98 82.21

OT, 74.30 87.71

OT, 74.50 84.12

OT, 73.57 85.58

OT, 73.74 81.60

OT, 72.83 75.21

SE + 0.56 0.45

CD at P =5% NS 1.42
oy
g g0+
,é‘ 70 - mOT1
5 60 - u0OT2
E ig =OT3
e 30 - H0T4
E 20 - 50OTS
o 10 - "0T6

0 ¥ 1
Before After
First application

FIGURE 6.20 Emission uniformity (%) for online-type emitter, after the first application
of acid.
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Table 6.7 indicated that average EU before the first application for online-type
emitter (pc) ranged from 72.83 to 74.98%. This limit of EU was poor for drip irriga-
tion system. Consequently, the hazard of chemical clogging under saline water us-
age can be reduced by acidification, and high performance can be promised. Results
indicate that the system was under clogging conditions due to deposition of salts and
the salts (chlorides, calcium, magnesium, and sodium) present in water. The carbon-
ate and bicarbonate salts were also present. Clogging was also caused by the type
of emitter, flow regime, and energy dissipation pattern in the emitter. These results
were nonsignificant for drip irrigation system.

After acid and flushing treatments, there was a slight change in the EU of drip ir-
rigation system. It was observed from Table 6.7 that average EU after the first appli-
cation of acid treatment for online-type emitter (pc) ranged from 81.60 to 87.71%.
This range of EU was good for drip irrigation system, due to dissolution of salts in
acids. From Table 6.7, average EU after the first application of flushing treatment
(control) for online-type emitter (pc) was found to be 75.21%. Similar observations
were observed by Sah et al.,’! and category-wise performance evaluation was pre-
sented. This limit of EU is considered marginal for drip irrigation system. Results
were significant for drip irrigation system. The system was kept running under con-
tinuous conditions.

6.4.3.1.2 AVERAGE UNIFORMITY COEFFICIENT BEFORE AND AFTER
THE FIRST APPLICATION OF ACID

It can be observed from Table 6.8 that average UC before the first application of acid
for online-type emitter (pc) was in the range of 79.89 to 80.84%. This limit of UC
was marginal for drip irrigation system.

TABLE 6.8 Average Uniformity Coefficient before and after the First Application of Acid

Uniformity Coefficient, UC, %

Before After
Treatments First Application
OT, 80.84 87.69
OT, 80.45 90.91
OT, 80.70 89.09
OT, 80.28 89.64
OT, 80.54 87.48
OT 79.89 81.30

6
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After acid and flushing treatments, there was a slight change in the UC of drip
system. It was observed from Table 6.8 that average UC after the first application of
acid treatments for online-type emitter (pc) was in the range of 87.4-90.91%. This
limit of UC was good for drip irrigation system. Average UC after the first applica-
tion of flushing treatment (control) for online-type emitter (pc) was 81.30%. Similar
observations were recorded by other investigators® who presented category-wise
performance evaluation for UC. This limit of UC was marginal for drip irrigation
system.

6.4.3.1.3 AVERAGE COEFFICIENT OF VARIATION BEFORE AND AFTER
THE FIRST APPLICATION OF ACID

It can be observed from Table 6.9 that average coefficient of variation before the first
application of acid for online-type emitter (pc) was in the range of 20.11-19.16%.
This limit of coefficient of variation is unacceptable for drip irrigation system.

TABLE 6.9 Average Coefficient of Variation before and after the First Application of Acid

First Application of CV (%)

Before After
Treatments First Application of Acid
OT, 19.16 12.31
OT, 19.55 9.09
OT, 19.30 10.91
OT, 19.72 10.36
OT, 19.46 12.52
oT 20.11 18.70

6

After acid treatments and flushing treatment, there was slight change in the coef-
ficient of variation of drip system. It was observed from Table 6.9 that average coef-
ficient of variation after the first application of acid treatments for online-type emit-
ter (pc) were 9.09, 10.91, and 10.36% for OT,, OT,, and OT,, respectively. Table
3.3 shows that this limit of coefficient of variation was marginal for drip irrigation
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system. Also treatments OT, and OT, had the coefficient of variation 12.31 and
12.52, respectively. This limit of coefficient of variation was poor for drip irrigation
system. From Table 6.9, average coefficient of variation after the first application
of flushing treatment (control) for online-type emitter (pc) was found 18.70%. This
limit of UC was unacceptable for drip irrigation system. Similar observations were
recorded by Reinders.*” The average discharge variation CVq was a poor 8.2% with
a variation of 2.7% up to 22.2% for the individual drip lines. The category-wise
performance evaluation for coefficient of variation was presented.

6.4.3.1.4 AVERAGE EMISSION UNIFORMITY BEFORE AND AFTER THE
SECOND APPLICATION OF ACID

The average EU before and after the second application of acid is presented in Table
6.10 and Fig. 6.21.

TABLE 6.10 Average Emission Uniformity, before and after the Second Application of
Acid

EU (%)

Before After
Treatments Second Application of Acid
OT, 82.09 92.92
OT, 87.45 98.11
OT, 83.85 94.22
OT, 85.23 95.70
OT, 81.28 92.18
OT, 74.76 75.33
SE + 0.424 0.46
CD at 5% 1.335 1.448
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FIGURE 6.21 Emission uniformity (%) for online-type emitter, for the second application
of acid.

It can be observed from Table 6.10 that average EU before the second applica-
tion of acid for online-type emitter (pc) was in the range of 81.28-74.76%. This
limit of EU was marginal for drip irrigation system due to continuous flow of water
inside the laterals and emitters for a period of 15 days. These results were significant
for drip irrigation system.

After acid and flushing treatments, there was a slight change in the EU of drip
system. The highest EU was 98.11% for OT, treated with sulfuric acid, thus indicat-
ing dominant effect of sulfuric acid compared with all other treatments. This limit of
EU was excellent for drip irrigation system, due to dissolution of salts in acids. From
Table 6.10, it can be observed that average EU after the second application of flush-
ing treatment (control) for online-type emitter (pc) was 75.33%. This limit of EU
was marginal for drip irrigation system. These results were significant for drip ir-
rigation system. Similar observations were recorded by other investigators® for EU.
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6.4.3.1.5 AVERAGE UNIFORMITY COEFFICIENT BEFORE AND AFTER
THE SECOND APPLICATION OF ACID

Table 6.11 reveals that the highest UC was 90.82% for OT, treated with sulfuric
acid, which shows that the effect of sulfuric acid treatment was dominant compared
with all other treatments. This limit of UC was good for drip irrigation system.

TABLE 6.11 Average Uniformity Coefficient before and after the Second Application of
Acid

UC (%)

Treatments Before After

Second Application of Acid

OT, 87.63 95.26
OT, 90.82 98.31
OT, 88.96 96.07
OT, 89.49 96.76
OT, 87.34 94.91
OT, 81.13 81.41

6

After acid and flushing treatments, there was a slight change in the UC of drip
system. It can be observed in Table 6.11 that average UC after the second applica-
tion of acid treatments for online-type emitter (pc) ranged from 94.91 to 98.31%.
This limit of UC was excellent for drip irrigation system. From Table 6.11, it can be
observed that average UC after the second application of flushing treatment (con-
trol) for online-type emitter (pc) was 81.41%. This limit of UC was marginal for drip
irrigation system. The present results were in agreement with other investigators.

6.4.3.1.6  AVERAGE COEFFICIENT OF VARIATION BEFORE AND AFTER
THE SECOND APPLICATION OF ACID

Table 6.12 reveals that the highest coefficient of variation was 9.18% for OT, treated
with sulfuric acid. Therefore, the effect of sulfuric acid treatment was dominant
compared with all other treatments. This limit of coefficient of variation was mar-
ginal for drip irrigation system. The lowest coefficient of variation was 18.87% for
OT, treated with flushing (control). This limit of coefficient of variation was unac-
ceptable for drip irrigation system.
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TABLE 6.12 Average Coefficient of Variation before and after the Second Application of
Acid

CV (%)

Before After
Treatments Second Application of Acid
OT, 12.37 4.74
OT, 9.18 1.69
OT, 11.04 3.93
OT, 10.51 3.24
OT, 12.66 5.09
OT 18.87 18.59

6

After acid and flushing treatments, there was a slight change in the coefficient
of variation of drip system. Results revealed that the highest coefficient of variation
was 1.69% for OT, treated with sulfuric acid, thus indicating dominance of this
acid compared with all other treatments. This limit of coefficient of variation was
excellent for drip irrigation system. The lowest coefficient of variation was 18.59%
for OT, treated with flushing (control). This limit of coefficient of variation was
unacceptable for drip irrigation system. Similar observations were recorded by other
investigators® for coefficient of variation.

Online-type pressure-compensating emitter (orifice) had high discharge of 8 Iph
and turbulent flow regime. Therefore, the system was less susceptible to clogging
although the drip irrigation system was 7-year old. Also it gave good response to
acid treatments, and emitters were reclaimed after the second application of acid to
the highest level. Flushing treatment (control) gave less response compared with
acid treatment.

6.4.3.2 IN-LINE-TYPE EMITTER — NON-PC

6.4.3.2.1 AVERAGE EMISSION UNIFORMITY BEFORE AND AFTER THE
FIRST APPLICATION OF ACID

The data on average EU before and after the first application of acid are presented
in Table 6.13 and Fig. 6.22.
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TABLE 6.13 Average Emission Uniformity before and after the First Application of Acid

EU (%)
Before After
Treatments First Application of Acid
LT, 34.69 53.24
LT, 34.29 59.82
LT, 3431 55.57
LT, 35.95 56.65
LT, 34.20 51.96
LT, 34.69 37.74
SE + 0.652 0.505
CD at 5% NS 1.591
100 “/
17
—= 90
> Vv
< 80
> VvV mlLT1
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g 301 uLT4
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0 T 1
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First application

FIGURE 6.22 Emission uniformity (%) for in-line-type emitter before and after the first
application of acid.

It can be observed from Table 6.13 that average EU before the first application
of acid for in-line-type emitter (non-pc) ranged from 34.20 to 35.95%. This limit of
EU was unacceptable for drip irrigation system. This indicates that the system was
under severe clogging conditions, due to deposition of salts and the salts present in
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water (chlorides, calcium, magnesium, and sodium). The carbonate and bicarbonate
salts were also present. Clogging was also due to the type of emitter, flow regime,
and energy dissipation pattern in the emitter. These results were nonsignificant for
drip irrigation system.

After acid and flushing treatments, there was a slight change in the EU of drip
system. It was observed from Table 6.13 that average EU after the first application
of acid treatment for in-line-type emitter (non-pc) ranged from 51.96 to 59.82%.
This limit of EU was poor for drip irrigation system, due to the presence of salts in
water. Table 6.13 reveals that average EU after the first application of acid in LT,
treatment (control) for in-line-type emitter (non-pc) was 37.74%. This limit of EU
was unacceptable for drip irrigation system. These results were significant for drip
irrigation system. The system was kept in running condition continuously. Similar
observations were recorded by other investigators.’

6.4.3.2.2 AVERAGE UNIFORMITY COEFFICIENT BEFORE AND AFTER
THE FIRST APPLICATION OF ACID

Table 6.14 shows that average UC before the first application of acid for in-line-type
emitter (non-pc) was in the range of 54.25-56.02%. This limit of UC was poor for
drip irrigation system.

After acid and flushing treatments, there was a slight change in the UC of drip
system. It can be observed from Table 6.14 that average UC after the first applica-
tion of acid treatment for in-line-type emitter (non-pc) was in the range of 61.60—
70.48%. This limit of UC was marginal for drip irrigation system. Table 6.14 shows
that average UC after the first application of flushing treatment (control) for in-
line-type emitter (non-pc) was 56.52%. This limit of UC was unacceptable for drip
irrigation system. The present results were in accordance with other investigators®
for UC.

TABLE 6.14 Average Uniformity Coefficient before and after the First Application of Acid

UC (%)

Before After
Treatments First Application of Acid
LT, 52.32.. 62.49
LT, 54.34 70.48
LT, 54.25 68.72
LT, 55.85 68.70
LT, 56.02 61.60
LT, 55.20 56.52
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6.4.3.2.3 AVERAGE COEFFICIENT OF VARIATION BEFORE AND
AFTER THE FIRST APPLICATION OF ACID

Table 6.15 shows that average coefficient of variation before the first application of
acid for in-line-type emitter (non-pc) was in the range of 43.98-47.68%. This limit
of coefficient of variation was unacceptable for drip irrigation system.

After acid and flushing treatments, there was a slight change in the coefficient of
variation of drip system. It was observed from Table 6.15 that average coefficient of
variation after the first application of acid treatments for in-line-type emitter (non-
pc) was in the range of 29.52-43.48. This limit of UC was unacceptable for drip
irrigation system.

TABLE 6.15 Average Coefficient of Variation before and after the First Application

CV (%)

Before After
Treatments First Application of Acid
LT, 47.68 37.51
LT, 45.66 29.52
LT, 45.75 31.28
LT, 44.15 31.30
LT, 43.98 38.40
LT 44.80 43.48

6

6.4.3.2.4 AVERAGE EMISSION UNIFORMITY BEFORE AND AFTER THE
SECOND APPLICATION OF ACID

The data on average EU before and after the second application of acid are presented
in Table 6.16 and Fig. 6.23.
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TABLE 6.16 Average Emission Uniformity before and after the Second Application of Acid

EU (%)
Before After
Treatments Second Application of Acid
LT, 53.08 71.93
LT, 59.82 81.05
LT, 54.90 74.29
LT, 55.56 77.00
LT, 51.42 71.15
LT, 37.21 38.98
SE + 0.472 0.709
CD at 5% 1.485 2.231
100
£ 90 ! g
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FIGURE 6.23 Emission uniformity (%) for in-line-type emitter, before and after the second
application of acid.
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It can be observed in Table 6.16 that average EU after the second application of
acid treatments for in-line-type emitter (non-pc) was in the range of 51.42-59.82%.
This limit of EU was poor for drip irrigation system, due to the presence of salts in
water. Table 6.16 shows that average EU after the second application of acid in LT,
treatment (control) for in-line-type emitter (non-pc) was 37.21%. This limit of EU
was unacceptable for drip irrigation system.

After acid and flushing treatments, there was a slight change in the EU of drip
system. The highest EU was 81.05% for LT, treated with sulfuric acid, thus indicat-
ing dominance of sulfuric acid treatment compared with all other treatments. This
limit of EU is marginal for drip irrigation system, due to the dissolution of salts in
acids. Table 6.16 shows that average EU after the second application of flushing
treatment (control) for in-line-type emitter (non-pc) was 38.98%. This limit of EU
was unacceptable for drip irrigation system. These results were significant for drip
irrigation system.

6.4.3.2.5 AVERAGE OF UNIFORMITY COEFFICIENT BEFORE AND AFTER
THE SECOND APPLICATION OF ACID

Table 6.17 shows that the highest UC was 70.48% was for LT, treated with sulfu-
ric acid, thus indicating superiority sulfuric acid treatment compared with all other
treatments. This limit of UC was marginal for drip irrigation system.

After acid and flushing treatments, there was a slight change in the UC of drip
system. It was observed from Table 6.17 that average UC after the second applica-
tion of acid treatments for in-line-type emitter (non-pc) was in the range of 81.31
to 84.90%. This limit of UC was good for drip irrigation system. As shown in Table
6.17, average UC after the second application of flushing treatment (control) for in-
line-type emitter (non-pc) was 56.22%. This limit of UC was unacceptable for drip
irrigation system.

TABLE 6.17 Average Uniformity Coefficient before and after the Second Application of
Acid

UC (%)

Before After
Treatments Second Application of Acid
LT, 62.78 81.31
LT, 70.48 84.90
LT, 68.01 82.65
LT, 68.42 82.50
LT, 61.32 81.50
LT 56.02 56.22

6
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6.4.3.2.6  AVERAGE COEFFICIENT OF VARIATION BEFORE AND AFTER
THE SECOND APPLICATION OF ACID

It can be observed from Table 6.18 that average coefficient of variation before the
second application for in-line-type emitter (non-pc) was in the range of 29.52—
43.98%. This limit of coefficient of variation was unacceptable for drip irrigation
system.

After acid and flushing treatments, there was a slight change in the coefficient of
variation of drip system. It can be seen from Table 6.18 that average coefficient of
variation after the second application of acid for in-line-type emitter (non-pc) was in
the range of 15.10-43.78%. This limit of coefficient of variation was unacceptable
for drip irrigation system.

TABLE 6.18 Average Coefficient of Variation before and after the Second Application of
Acid

CV (%)

Before After
Treatments Second Application of Acid
LT, 37.22 18.69
LT, 29.52 15.10
LT, 31.99 17.35
LT, 31.58 17.50
LT, 38.68 18.50
LT 43.98 43.78

6

6.4.3.2.7 AVERAGE OF EMISSION UNIFORMITY BEFORE AND AFTER
THE THIRD APPLICATION OF ACID

The data on average EU before and after the third application of acid are presented
in Table 6.19 and Fig. 6.24.
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TABLE 6.19 Average Emission Uniformity before and after the Third Application of Acid

EU (%)
Before After
Treatments Third Application of Acid
LT, 71.28 92.60
LT, 80.57 97.84
LT, 73.72 94.90
LT, 76.66 95.55
LT, 70.73 91.81
LT, 38.54 39.78
SE + 0.711 0.395
CD at 5% 2.238 1.244
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FIGURE 6.24 Emission uniformity (%) for in-line-type emitter before and after the third
application of acid.

It can be observed from Table 6.19 that average EU after the third application
of acid for in-line-type emitter (non-pc) was in the range of 70.73-80.57%. This
limit of EU was marginal for drip irrigation system, due to the dissolution of salts in
acids. From Table 6.19, it was concluded that average EU after the third application
of acid in LT, treatment (control) for in-line-type emitter (non-pc) was 38.54%. This
limit of EU was unacceptable for drip irrigation system.
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After acid and flushing treatments, there was a slight change in the EU of drip
system. The highest EU was 97.84% for LT, treated with sulfuric acid, thus indicat-
ing superiority of sulfuric acid treatment compared with all other treatments. This
limit of EU was excellent for drip irrigation system, due to the dissolution of salts
in acids. In Table 6.19, average EU after the third application of flushing treatment
(control) for in-line-type emitter (non-pc) was 39.78%. This limit of EU is unac-
ceptable for drip irrigation system. These results were significant for drip irrigation
system. Similar observations have been reported by other investigators.

6.4.3.2.8 AVERAGE UNIFORMITY COEFFICIENT BEFORE AND AFTER
THE THIRD APPLICATION OF ACID

Table 6.20 shows that the average UC after the third application of acid treatments
for in-line-type emitter (non-pc) was in the range of 80.96-84.77%. This limit of EU
was marginal for drip irrigation system, due to the dissolution of salts in acids. In
Table 6.20, average UC after the third application of acid in LT, treatment (control)
for in-line-type emitter (non-pc) was 51.76%, which was unacceptable for drip ir-
rigation system.

After acid and flushing treatments, there was a slight change in the UC of the
drip system. It can be observed from Table 6.20 that the average UC after the third
application of acid treatments for in-line-type emitter was in the range of 93.15—
97.21%. This limit of UC was excellent for drip irrigation system. Table 6.20 shows
average UC after the third application of flushing treatment (control) for in-line-type
emitter (non-pc) was 51.45%. This limit of UC was unacceptable for drip irrigation
system.

TABLE 6.20 Average Uniformity Coefficient before and after the Third Application of Acid

UC (%)

Before After
Treatments Third Application of Acid
LT, 80.96 93.71
LT, 84.77 97.29
LT, 82.11 95.19
LT, 82.52 95.43
LT, 81.36 93.15
LT 51.76 51.45

6
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6.4.3.2.9 AVERAGE COEFFICIENT OF VARIATION BEFORE AND AFTER
THE THIRD APPLICATION OF ACID

It can be observed in Table 6.21 that average coefficient of variation after the third
application of acid for in-line-type emitter (non-pc) was in the range of 17.48—
48.24%. This limit of coefficient of variation was unacceptable for drip irrigation
system.

After acid and flushing treatments, there was a slight change in the coefficient
of variation of drip system. Table 6.21 shows that the highest coefficient of variation
of 2.71% was found for LT, treated with sulfuric acid, thus indicating dominance of
sulfuric acid compared with all other treatments. This limit of coefficient of varia-
tion was excellent for drip irrigation system. The lower coefficient of variation of
48.55% was found in LT, treated with flushing (control). This limit of coefficient
of variation was unacceptable for drip irrigation system. Similar observations have
been reported by other investigators.®

TABLE 6.21 Average Coefficient of Variation before and after the Third Application of
Acid

CV (%)

Before After
Treatments Third Application of Acid
LT, 19.04 6.29
LT, 15.23 2.71
LT, 17.89 4.81
LT, 17.48 4.57
LT, 18.64 6.85
LT 48.24 48.55

6

In-line-type non-pressure-compensating (long path) emitters were more suscep-
tible to clogging, due to low discharge of 1.3 Iph and turbulent flow regime. These
emitters responded well to acid treatments and were reclaimed to the highest level
after three applications of acid. Flushing treatment was not found enough for un-

clogging.

6.4.4 CROP CHARACTERISTICS

It was found that the emitters were unclogged after the application of acid. There-
fore, two poly-houses with substrate cultivation (cocopeat) and soil cultivation were
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selected to evaluate the effects of unclogging of emitters. Dutch rose flowers were
planted in substrate with online type of emitters (pc) and capsicum (bell pepper) was
transplanted in soil with in-line type of emitters (non-pc).

6.4.4.1 BIOMETRIC OBSERVATIONS FOR DUTCH ROSE
FLOWERS WITH ONLINE-TYPE EMITTERS (PC)

6.4.4.1.1 AVERAGE NUMBER OF SPROUTS

Biometric observations for rose flowers included the number of sprouts, length of
stalk, girth of stalk, bud length, and bud diameter during April 16, 2011, to June 25,
2011. The data on the average number of sprouts per plant are presented for each
treatment in Table 6.22.

From Table 6.22, it can be observed that maximum number of sprouts was three
in OT, acid treatment, due to the highest EU that resulted in increased root biomass,
and ultimately more absorption of water and nutrients supplied through drip irriga-
tion system.

TABLE 6.22 Average Number of Sprouts per Flower Plant

Treatment No. of Sprouts
OT, 2

OT, 3

OT, 2

OT, 2

OT, 1

OT, 1

SE + 0.25

CD at 5% 0.789

However, treatments OT, OT, and OT, were observed with two numbers of
sprouts each. In treatment OT, (control), minimum number of sprouts was observed,
due to low EU in this treatment as compared with all other treatments.

The number of sprouts showed significant differences among all the treatments
in this study. The treatment OT, was superior with maximum number of sprouts.
However, the treatment OT, (control) was found with minimum number of sprouts.
From these results, it was noticed that the number of sprouts were significantly re-
lated to EU of the drip irrigation system.
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6.4.4.1.2 AVERAGE STALK LENGTH

The data on average stalk length (cm) of flowers are presented in Table 6.23 and
Fig. 6.25.

TABLE 6.23 Average Stalk Length (cm) of Rose Flower

Average Stalk Height (cm)

10 20 30 40 50 60
Treatment DAS DAS DAS DAS DAS DAS 70DAS 80DAS

OT, 4.13 9.06 1529 2528 3553 4430 53.57 58.86
OT, 4.96 9.68 1640 2697 3878 48.03  56.57 67.11
OT, 4.23 9.62 1659 2577 37.17 46.10 55.13 64.18
OT, 4.39 976 1588 26.74 3793 46.83  55.67 65.61
OT, 4.02 897 1531 2479 3547 4493 5261 57.58
OT, 4.01 8.00 1457 2417 3021 39.01 46.99 54.09
SE + 4.13 9.06 1529 2528 3553 4430 53.57 58.86
CD at 5% 0.131 0226 0577 0.849 1306 1.005 1.216 1.72

mOT1

mOT2
mOT3

Length of stalk

moT4
mQoTS
mOT6

10 20 30 40 50 60 70 80
DAS DAS DAS DAS DAS DAS DAS DAS

Days After Planting

FIGURE 6.25 Effects of emission uniformity on length of stalk (cm) of rose plant.
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The average flower stalk length was significantly influenced by different acid
treatments. Table 6.23 reveals that the highest stalk length of the plant was found in
treatment OT, during the observation period. The stalk length was increased from
4.96 cm to 67.11 cm during 80 DAS observation period for OT, acid treatment. The
OT, acid treatment also resulted in highest EU, which resulted in increased root bio-
mass, and ultimately more absorption of water and nutrients and fertilizers supplied
through drip irrigation system. The present results are in accordance with Barbosa
et al.,* who studied the effects of fertigation on quality and yield of rose cv. Sonia
and cv. Red success.

The minimum stalk length was 54.09 ¢cm in treatment OT, (control) due to un-
even distribution of fertilizers and nutrients and at the end of 80 DAS. The grade of
flowers was also evaluated by flower stalk length. Flowers with large stalk length
are preferred in the market. Among the different treatments, treatment OT, was su-
perior among all other treatments.

6.4.4.1.3 AVERAGE STALK GIRTH

The data on average stalk girth (cm) of rose flower are presented in Table 6.24 and
in Fig. 6.26.

TABLE 6.24 Average Stalk Girth (cm)

Average Stalk Girth (cm)

Days After Sowing (DAS)
Treatment 10 20 30 40 50 60 70 80
OT, 0.2 0.2 0.3 0.3 0.3 0.4 0.5 0.6
OT, 0.2 0.2 0.3 0.4 0.5 0.6 0.7 0.8
OT, 0.2 0.2 0.3 0.3 0.3 0.4 0.5 0.6
OT, 0.2 0.2 0.3 0.4 0.4 0.5 0.6 0.7
OT, 0.2 0.2 0.3 0.3 0.3 0.4 0.6 0.7
OT, 0.2 0.2 0.2 0.3 0.3 0.4 0.5 0.6
SE + 0.021 0.021 0.032 0.029 0.029 0.027 0.029 0.029
CD at 5% NS NS NS 0.091 0.091 0.087 0.091 0.091
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FIGURE 6.26 Effects of emission uniformity on stalk girth (cm) of rose plant.

The average flower stalk girth was significantly influenced by different acid
treatments. Table 6.24 reveals that the highest stalk girth was observed in treatment
OT, during the observation period. The results show that the stalk girth was in-
creased from 0.2 to 0.8 cm during 80 DAS observation period in OT, acid treatment.
The OT, acid treatment resulted in highest EU, which resulted efficient distribution
of fertilizers and nutrients, increased root biomass, and ultimately more absorption
of water and nutrients supplied through drip irrigation system.

The minimum stalk girth was 0.6 cm in treatments OT,, OT,, and OT, and at
the end of 80 DAS. The grade of flowers was also determined by flower stalk girth.
Rose flowers with larger stalk girth are preferred in the market. The present results
agree with those by Barbosa.®® The minimum flower stalk girth was observed in
treatment OT, (control) due to uneven distribution of fertilizers and nutrients.

6.4.4.1.4 AVERAGE BUD LENGTH AND BUD DIAMETER OF ROSE
FLOWER

The data on average bud length (cm) and bud diameter (cm) of flowers are presented
in Table 6.25 and Fig. 6.27.
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TABLE 6.25 Average Bud Length (cm) and Bud Diameter (cm) of Rose Flower

219

Bud Length Bud Diameter

Treatment of Flower

OT, 3.60 2.35

OT, 4.07 2.81

OT, 3.97 2.51

OT, 4.03 2.72

OT, 3.53 2.30

OT, 3.33 2.03

SE + 0.055 0.036

CD at 5% 0.174 0.115

TABLE 6.26 Average Number of Rose Flowers/m?

Treatment No. of Flowers/m>
oT, 11.00
OT, 15.66
OT, 12.33
OT, 13.66
OT, 11.33
OT, 10.00
SE + 0.250
CD at 5% 0.788
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FIGURE 6.27 Effects of emission uniformity on length and diameter of bud (cm) of rose
flower.

Table 6.25 shows that the maximum bud length of flower was 4.07 cm in treat-
ment OT,. The minimum bud length of flower was 3.33 ¢cm in OT, (control). The
maximum bud diameter of flower was 2.81 cm in treatment OT,. The minimum bud
diameter of flower was 2.03 cm in OT, (control) due to uneven distribution of fertil-
izers and nutrients. The OT, acid treatment resulted in highest EU, which resulted
in efficient distribution of fertilizers and nutrients, increased roots, biomass, and
vegetative growth. Therefore, it resulted in increased bud length and bud diameter
of flower.

The statistical analysis on bud length and bud diameter of flower showed signifi-
cant differences among all the treatment.

6.4.4.1.5 AVERAGE NUMBER OF ROSE FLOWERS

During June 26, 2011, to July 10, 2011, the data on average number of rose flowers/
m? are presented in Table 6.26 and Fig. 6.28.
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Yield/m2

Avg, no. of flowers

oT1 oT2 oT13 OoT4 OT5 oT6

Treatments
FIGURE 6.28 Effects of emission uniformity on the number of rose flowers (yield/m?).

Table 6.26 shows that maximum number of rose flowers/m* was 15.66 in OT,.
The lowest number of rose flowers/m* was 10.00 in the control treatment. Similar
results were reported by Ashok.%

Increased EU in OT, also resulted in efficient water and nutrient use through
drip irrigation thus increasing flower yield. From the observed data, the treatment
OT, was superior among all the treatments. However, minimum flower yield was
obtained in treatment OT, control) due to uneven distribution of fertilizers and nu-
trients.

6.4.4.2 BIOMETRIC OBSERVATIONS FOR CAPSICUM WITH IN-
LINE-TYPE EMITTERS (NON-PC)

During April 10, 2011, to June 26, 2011, biometric observations of bell pepper crop
included plant height, plant spread, plant girth, length, breadth, and weight of fruit.

6.4.4.2.1 AVERAGE PLANT HEIGHT (CM) OF BELL PEPPER

The data on average plant height (cm) are presented in Table 6.27 and Fig. 6.29. The
average plant height was significantly influenced by different acid treatments. Table
6.27 reveals that the highest plant height was observed in treatment LT, during the
entire observation period. The plant height was increased from 34.53 to 67.40 cm
during 90 DAP observation period in LT, acid treatment. These results are in accor-
dance with Megharaja.** LT, acid treatment also resulted in high EU, which resulted
in increase in root biomass, and ultimately more absorption of water and nutrients
supplied through drip irrigation system.
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TABLE 6.27 Average Plant Height (cm) of Bell Pepper Plant

Average Plant Height (cm)

Treatment 30 DAP 60 DAP 90 DAP
LT, 25.73 42.13 54.20
LT, 34.53 53.40 67.40
LT, 30.40 48.47 60.13
LT, 31.53 49.53 63.80
LT, 29.93 47.00 57.80
LT, 17.33 31.33 45.53
SE + 1.122 1.168 1.606
CD at 5% 4.476 3.676 5.054
70 -
60 +~
E o mLTL
£ a0 mLT?
E-
£ 30 - mLT3
£
E 20 - mLT4
10 - BLTS
BLTG
0 T ¥ |
30DAP 60DAP 90 DAP
Days After Planting

FIGURE 6.29 Effects of emission uniformity on the height (cm) of bell pepper plant.

The minimum plant height was 45.53 cm in treatment LT, (control) and at the
end of 90 DAP. Among all the treatments, LT, was superior among treatments. The
minimum plant height was observed in treatment LT, (control), due to uneven dis-
tribution of fertilizers and nutrients.
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6.4.4.2.2 AVERAGE PLANT SPREAD (CM) OF BELL PEPPER

The data on average plant spread in two directions (east—-west and north—south) are
presented in Table 6.28 and Fig. 6.30.

TABLE 6.28 Average Plant Spread (cm) of Bell Pepper Plant

Average Plant Spread (cm)

60 DAP 75 DAP 90 DAP

Treatment EwW NS EwW NS EwW NS

LT, 15.53 17.73 20.60 22.73 28.00 29.07
LT, 23.67 2520 29.73 28.00 33.00 35.67
LT, 20.13  21.67 27.60 25.53 30.33 33.07
LT, 2127 22.60 28.07 26.20 31.07 33.73
LT, 15.00 17.13 19.87 22.27 27.00 28.13
LT, 14.60 15.40 19.87 20.93 24.40 24.47
SE + 0.468 0.53 0.547 0.892 0.825 0.531
CD at 5% 1.472 1.669 1.724 2.808 2.598 1.673

HLT1
mLT2
NLT3

Plant spread {¢m)

ELT4
LTS5
HLTe

Days After Planting

FIGURE 6.30 Effects of emission uniformity of on plant spread (cm) of bell pepper.
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Table 6.28 shows that the plant spread in the east-west direction was signifi-
cantly influenced by different levels of acid treatments, and the highest plant spread
in east-west direction was observed in treatment LT, during the observation period.
The results show that the plant spread in east-west direction was increased from
23.67 to 33.00 cm during 90 DAP in LT, acid treatment. The minimum plant spread
in east-west direction was 24.4 cm in treatment LT, (control) and at the end of 90
DAP, due to uneven distribution of fertilizers and nutrients. Among different treat-
ments, treatment LT, was superior, due to increased EU.

Table 6.28 reveals that the highest plant spread in north—south direction was
in treatment LT, for the entire observation period. The results show that the plant
spread in north—south direction was increased from 25.20 to 35.67 cm during 90
DAP observation period in LT, acid treatment. The minimum plant spread in north—
south direction was 24.47 cm in treatment LT, (control) and at the end of 90 DAP.
Among different treatments, treatment LT, was superior, due to increased EU. The
minimum plant spread in north-south direction was in treatment LT, (control), due
to uneven distribution of fertilizers and nutrients.

6.4.4.2.3 AVERAGE PLANT GIRTH (CM) OF BELL PEPPER

The data on average plant girth (cm) of bell pepper are presented in Table 6.29 and
Fig. 6.31.

TABLE 6.29 Average Plant Girth (cm) of Bell Pepper Plant

Average Plant Girth (cm)

Treatment 30 DAP 75 DAP 90 DAP
LT, 0.8 1.1 1.4
LT, 1.0 13 1.7
LT, 1.0 12 1.5
LT, 1.0 13 1.6
LT, 0.9 1.0 13
LT, 0.8 0.9 1.0
SE + 0.038 0.029 0.025
CD at 5% 0.122 0.091 0.078
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FIGURE 6.31 Effects of emission uniformity on plant girth (cm) of bell pepper.

The average plant girth was significantly influenced by different acid treatments.
Table 6.29 indicates that the highest plant girth was observed in treatment LT, for
the entire observation period. Plant girth was increased from 1.0 to 1.7 cm during 90
DAP observation period in LT, acid treatment. The LT, acid treatment also resulted
in high EU, which resulted in increasing root biomass, and ultimately more absorp-
tion of water and nutrients supplied through drip irrigation system.

The minimum plant girth was 1.00 cm in treatment LT, (control) and at the end
of 90 DAP. Among different treatments, treatment LT, was superior. The minimum
plant girth was observed in treatment LT, (control) due to uneven distribution of
fertilizers and nutrients.

6.4.4.2.4 AVERAGE FRUIT LENGTH AND FRUIT BREADTH (CM)
OF BELL PEPPER

The data on average fruit length (cm) and fruit breadth (cm) are presented in Table
6.30 and Figs. 6.32 and 6.33.
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TABLE 6.30 Average Length, Breadth, and Shape Index (cm) of Bell Pepper Fruit

Fruit Length Fruit Breadth Shape Index
Treatment cm
LT, 7.9 6.2 2431
LT, 8.5 6.8 28.93
LT, 8.1 6.4 25.89
LT, 83 6.5 26.83
LT, 7.6 6.1 23.22
LT, 6.5 5.4 17.79
SE + 0.038 0.037 -
CD at 5% 0.119 0.118 -
9 -
E 8
=
a7 mLT1
-
% € 1 mLT2
% 5 1 mLT3
g 4 mLT4
@ 37 mLTS
L=
» 27 W LTG
g 1
0

Length of Fruits (cm}) Breadth of Fruits (cm)

FIGURE 6.32 Effects of emission uniformity on length and breadth (cm) of bell pepper
fruit.

FIGURE 6.33 Effects of six acid treatments on length and breadth of bell pepper fruit.
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Table 6.30 indicates that the maximum fruit length was 8.5 cm in treatment LT,.
The minimum fruit length was 6.5 cm in LT, (control). The maximum fruit breadth
was 6.8 cm in treatment LT,. The minimum fruit breadth was 5.4 cm in LT, (con-
trol). Similar observations have been reported by Rahman and El-Sheikh.®

The statistical analysis on fruit length and fruit breadth showed significant dif-
ferences among all the treatments.

LT, acid treatment resulted in highest EU, which resulted in efficient distribution
of fertilizers and nutrients thus leading to increased roots, biomass and vegetative
growth, and increased fruit size and weight.

Figure 6.33 shows the effect of six acid treatments on length and breadth of fruit.
Treatment LT, differs significantly among all treatments.

6.4.4.2.5 AVERAGE SHAPE INDEX OF (CM) BELL PEPPER FRUIT
The data on average shape index (cm) are presented in Table 6.30 and Fig. 6.34.

Shape Index

30 ~

25 1
20

S m Shape Index

Shape index {cm)

10 7
L

LT1 LT2 LT3 LT4 LT5 LT6

FIGURE 6.34 Effects of emission uniformity on shape index (cm) of bell pepper fruit.

Table 6.30 shows that the maximum shape index of fruit was 28.93 cm in treat-
ment LT,. The minimum shape index of fruit was 17.79 cm in LT, (control), due to
uneven distribution of fertilizers and nutrients. The observations are in agreement
with those by Rahman and El-Sheikh.® LT, acid treatment also resulted in highest
EU, which resulted in efficient distribution of fertilizers and nutrients thus increas-
ing shape index of fruit. Among different treatments, LT, was superior.
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6.4.4.2.6 FRUIT YIELD

The data on average yield of fruits/m? (average number of fruit and average fruit
weight) are presented in Table 6.31 and Figs. 6.35 and 6.36.

TABLE 6.31 Average Number of Fruits and Weight of Fruits (kg/m?) of Bell Pepper

No. of Weight
Treatment Fruits/m? kg/m?
LT, 18.93 2.25
LT, 25.33 425
LT, 24.53 3.25
LT, 24.53 3.49
LT, 18.93 1.96
LT, 14.40 1.12
SE + 4.441 0.624
CD at 5% 1.397 1.964
Yield/m2
30 1
_E 25 1
S
g 10 -
£s7
0 : . : . T T
LT1 LT2 LT3 LT4 LT5 LT6
Treatments

FIGURE 6.35 Effects of emission uniformity on average number of bell pepper fruits/m?.
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FIGURE 6.36 Effects of emission uniformity on average weight of bell pepper fruits, kg/

m?,

Table 6.31 shows that maximum number of fruits/m* was 25.33 in LT, treatment.
Treatment LT, (control) was found with least number of fruits/m* of 14.40. It was
observed that maximum weight of fruits (kg/m?) was 4.25 kg in LT, treatment. The
least weight was 1.12 kg/m’ in treatment LT, (control). Similar observations were
reported by Buoczlowska.”

Increased EU in LT, treatment resulted in increasing water and nutrient effi-
ciency thereby increasing yield. From the observed data, treatment LT, was found
superior among all the treatments.

6.5 CONCLUSIONS

In India, in majority of the drip-irrigated areas, the source of irrigation water is the
groundwater. The main hurdle in drip irrigation management is emitter clogging.
Emitter clogging greatly reduces water quality and water distribution uniformity in
the irrigated field, which negatively influence crop growth and yield. The emitter
clogging can be classified as physical clogging, chemical clogging, and biological
clogging. Chemical clogging can be controlled with acid injection by lowering the
pH of irrigation water and thus can prevent chemical precipitation. This research
study was conducted with the following objectives: (1) To study the efficiency of
different acids for the acid treatment of trickle irrigation system; (2) to monitor EU
for different acid treatments; (3) to suggest a suitable acid treatment for unclog-
ging of emitters; and (4) to study the crop response under different acid-treated
systems. A field experiment on drip irrigation system was conducted in two poly-
houses of 20R at Hi-Tech Floriculture Project, Fruit Research Station, Aurangabad,
India. Acids under study were DS-99, nitric acid, sulfuric acid, hydrochloric acid,
and phosphoric acid. No acid treatment was used as a control. For two poly-houses,
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12 treatments (six treatments for online-type emitters and six treatments for in-line-
type emitters) were selected. The acid was injected at a fixed interval of 15 days.
The biometric observations of plants were plant height (cm) and girth (cm). Major
findings of the study were the following:

1.

2.

10.

The chemical analysis of water source revealed that the Mg—Ca cationic and
CI-HCO, anionic were dominant.

The pH of water was 7.2, which indicated that the reaction of water was
slightly alkaline in nature.

For the drip irrigation in this study and at the first acid treatment, EU for
online pressure-compensating-type emitters ranged from 72.83 to 74.98%
compared with 34.2 to 35.95% for in-line non-compensating-type emitters.
In online type of emitter (pc), flow reduction was 26-28% after 7 years of
period compared with 65-66% in in-line type of emitter (non-pc) after 6
years of period.

At the first acid treatment, UC ranged from 79.9 to 80.84% for online-type
emitter (pc) compared with 52.3—56.0% for in-line-type emitter (non-pc).
At first acid treatment, the coefficient of variation (C,)) ranged from 19.2 to
20.1% for online-type emitter (pc) compared with 43.98—47.7% for in-line-
type emitter (non-pc).

Online type of emitters unclogged to maximum level after second acid ap-
plication. The highest EU of 98.11% was found for sulfuric acid (OT,) treat-
ment with the second application for online type of emitter (pc). Due to
turbulent flow regime in these emitters, the highest EU was observed after
7 years of continuous use. The highest UC of 98.31% was observed for
sulfuric acid (OT),) treatment after the second application for online type of
emitter (pc). The highest C,, of 1.69% was observed for sulfuric acid (OT,)
treatment after the second application for online type of emitter (pc).

In in-line type of emitters (non-pc) with turbulent flow regime, these emit-
ters were more susceptible to clogging. After the third application of acid
treatment, the highest EU of 97.84% was observed for sulfuric acid (LT,)
for in-line-type emitter (non-pc), indicating dominant effect of sulfuric acid
(LT,) treatment compared with all other treatments. There was no consider-
able change in EU for control treatment. Also UC and C,, for control treat-
ment after the second and third applications were almost unaltered.
Statistical analysis indicated that acid treatment was highly significant com-
pared with control (only flushing). Sulfuric acid treatment showed highly
significant difference over all other acid treatments for both types of emit-
ters (online type and in-line type).

Online-type pressure-compensating emitter (orifice) responded well to acid
treatments. Flushing treatment (control) gave less response.

In-line-type non-pressure-compensating (long path) emitters were more
susceptible to clogging. These emitters responded well to acid treatment
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and were reclaimed after three acid applications to the highest level. Flush-
ing treatment (control) was not found suitable.

11. Sulfuric acid was found most effective for unclogging of emitters followed
by hydrochloric acid, nitric acid, DS-99 acid, and phosphoric acid. Emitters
with low-discharge non-pc and drip system in last phase were required to
be treated at 15 days of interval for three times, where emitters with high
discharge and pc drip system needed only two acid applications. Flushing
application was not suitable for drip irrigation system.

12. The values of stalk length, stalk girth, bud length, and bud diameter of rose
were higher in sulfuric acid (OT),) treatment than other treatments, in online-
type emitters (pc).

13. The values of plant height, plant girth, plant spread, fruit length, and fruit
breadth of capsicum plants were higher in sulfuric acid (LT,) treatment than
other treatments in in-line-type emitters (non-pc).

14. Effect of six treatments on fruit length and fruit breadth in sulfuric acid
(LT,) differed significantly than all other treatments. It was also found that
EU of drip irrigation was different among all acid treatments. Control (LT,)
treatment gave low quality of fruits due to the low EU.

15. The highest yield of rose (number of flowers/m?) was 15.66/m? was for sul-
furic acid (OT),) for online-type emitter (pc), thus showing dominant effect
of sulfuric acid (OT,) treatment, compared with all other treatments.

16. The highest yield of capsicum (weight of fruits/m?) was 4.25 kg/m? for sul-
furic acid (LT,) for in-line-type emitter (non-pc), thus showing dominant
effect of sulfuric acid (LT,) treatment compared with all other treatments.

6.6 SUMMARY

The main hurdle in drip irrigation system management is emitter clogging. Emit-
ter clogging greatly reduces the water distribution uniformity in the irrigated field,
which negatively influences crop growth and yield. Considering the problem of
clogging in drip irrigation system, a field experiment “studies on efficiency of acids
for unclogging of emitters” was conducted in two poly-houses of 20R each at Hi-
Tech floriculture project, Fruit Research Station, Aurangabad.

Acids for the study were DS-99, nitric acid, sulfuric acid, hydrochloric acid,
and phosphoric acid. No acid treatment was taken as a control. For selected two
poly-houses, total 12 treatments (six treatments for online-type emitter and six treat-
ments for in-line-type emitter) were considered. Further, it was also planned to in-
ject the acid at fixed interval (15 days). In one poly-house, pot culture in coco-peat
(substrate) cultivation (Dutch Roses) with Netafim online pressure-compensating
drip irrigation system was installed. In the other poly-house with soil cultivation,
Red soil mix (capsicum) with Jain in-line non-pressure-compensating drip irrigation
system was used. The common fertilizer doses were applied for both crops. The bio-
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metric observations of plants were plant height (cm) and girth (cm) to see the effects
of unclogging emitters due to application of different acid treatments.

Online-type pressure-compensating emitters (orifice, pc; 8 Iph with turbulent
flow) were less susceptible to clogging although the drip irrigation system was 7
years old. In-line-type non-pressure-compensating (long path, non-pc; 1.3 Iph with
turbulent flow regime) emitters were more susceptible to clogging. Sulfuric acid
was most effective for unclogging of emitters followed by hydrochloric acid, ni-
tric acid, DS-99 acid, and phosphoric acid, respectively. Emitter with low-discharge
non-pc and drip system in the last phase needed 15 days of interval for three times
of treatment, whereas emitter with high discharge and pc drip system needed only
two acid applications, and flushing application was not suitable for unclogging of
emitters.

The highest yield of rose (number of flowers/m?) was 15.66/m? for sulfuric acid
(OT,) for online-type emitter (pc), which shows the dominant effect of sulfuric acid
(OT,), compared with all other treatments. The highest yield of capsicum (weight of
fruits/m*) was 4.25 kg/m* was for sulfuric acid (LT,) for in-line-type emitter (non-
pc), which shows the effect of sulfuric acid (LT,) treatment, compared with all other
treatments.
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Pp. 317-332. In: Management of Drip/Trickle or Micro Irrigation, edited by M. R.
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APPENDIX A

Conversion of SI and Non-SI Units

To Convert Col- Column 1, SI Column 2, To Convert Col-

umn 1 to Column  Unit Non-SI Unit umn 2 to Column
2, Multiply by 1, Multiply by
Linear
0.621 kilometer, km miles, mi 1.609
(10° m)
1.094 meter, m yard, yd 0914
3.28 meter, m feet, ft 0.304
3.94 x 102 millimeter, inch, in 254
mm (107%)
Squares
2.47 hectare, he acre 0.405
2.47 square kilo-  acre 4.05 %107
meter, km?
0.386 square kilo-  square mile,  2.590
meter, km? mi?
247 x 10 square meter, acre 4.05x 107
m2
10.76 square meter, square feet, ft> 9.29 x 1072
mZ
1.55 x 1073 mm? square inch, 645

in?

© 2016 Apple Academic Press, Inc.



238 Principles and Management of Clogging in Micro Irrigation
Cubics
9.73 x 1073 cubic meter,  inch-acre 102.8
m3
353 cubic meter,  cubic-feet, ft* 2.83 x 102
m3
6.10 x 10* cubic meter, cubic inch, in® 1.64 x 107
m3
2.84 x 102 liter, L (103  bushel, bu 35.24
m?)
1.057 liter, L liquid quarts, 0.946
qt
3.53 x 1072 liter, L cubic feet, ft* 28.3
0.265 liter, L Gallon, — 3.78
33.78 liter, L fluid ounce, 2.96 x 1072
0z
2.11 liter, L fluid dot, dt  0.473
Weight
220 %107 gram, g pound, 454
(10 kg)
3.52 x 102 gram, g ounce, 0z 28.4
(107 kg)
2.205 kilogram, kg  pound, Ib 0.454
1072 kilogram, kg  quintal (met- 100
ric), q
1.10 x 1073 kilogram, kg  ton (2000 907
Ibs), ton
1.102 megagram, ton (US), ton  0.907
mg
1.102 metric ton,t  ton (US), ton 0.907
Yield and rate
0.893 kilogram per pound per acre 1.12

hectare
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7.77 x 102
1.49 x 102
1.59 x 102
1.86 x 102

0.107

893

893

0.446

2.24

Specific surface

10

10°

Pressure

9.90

10
1.0

2.09 x 102

kilogram per
cubic meter

kilogram per
hectare

kilogram per
hectare

kilogram per
hectare

liter per hect-
are

ton per hect-
are

megagram per
hectare

ton per hect-
are

meter per
second

square meter
per kilogram

square meter
per kilogram

megapascal,
MPa

megapascal

megagram per
cubic meter

pascal, Pa

pound per fanega

pound per acre,
60 1b

pound per acre,
56 b

pound per acre,
48 1b

gallon per
acre

pound per
acre

pound per
acre

ton (2000 Ib)
per acre

mile per hour

square cen-
timeter per
gram

square mil-
limeter per
gram

atmosphere

bar

gram per cu-
bic centimeter

pound per
square feet

12.87

67.19

62.71

53.75

9.35

1.12 x 1073

1.12x 1073

2.24

0.447

0.1

107

0.101

0.1
1.00

479
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1.45%x 10+ pascal, Pa pound per 6.90 x 10°
square inch
Temperature
1.00 (K —273) Kelvin, K centigrade, °C 1.00 (C+273)
(1.8 C+32) centigrade, °C Fahrenheit, °F (F —32)/1.8
Energy
9.52x10* Joule J BTU 1.05 x 10°
0.239 Joule, J calories, cal  4.19
0.735 Joule, J feet-pound 1.36
2.387 x 10° Joule per calories per  4.19 x 10*
square square centi-
meter meter
10° Newton, N dynes 10°°
Water requirements
9.73 x 1073 cubic meter  inch acre 102.8
9.81 %107 cubic meter  cubic feet per 101.9
per hour second
4.40 cubic meter  gallon (US)  0.227
per hour per minute
8.11 hectare-meter acre-feet 0.123
97.28 hectare-meter acre-inch 1.03 x 102
8.1x1072 hectare centi- acre-feet 12.33
meter
Concentration
1 centimole per milliequiva-
kilogram lents per
100 grams 1
0.1 gram per kilo- percents 10
gram
1 milligram per parts per mil- 1
kilogram lion
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Nutrients for plants
2.29 P P,0, 0.437
1.20 K KO 0.830
1.39 Ca CaO 0.715
1.66 Mg MgO 0.602
NUTRIENT EQUIVALENTS
Conversion Equivalent
Column A Column B AtoB BtoA
NH3 1.216 0.822
NO3 4.429 0.226
KNO3 7.221 0.1385
Ca(NO3)2 5.861 0.171
(NH4)2S504 4.721 0.212
NH4NO3 5.718 0.175
N (NH4)2 HPO4 4718 0.212
P205 2.292 0.436
PO4 3.066 0.326
KH2PO4 4.394 0.228
(NH4)2 HPO4 4255 0.235
P H3PO4 3.164 0.316
K20 1.205 0.83
KNO3 2.586 0.387
KH2PO4 3.481 0.287
KCl 1.907 0.524
K K2S04 2.229 0.449
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CaO 1.399 0.715
Ca(NO3)2 4.094 0.244
CaCl2 x 6H20 5.467 0.183
Ca CaS0O4 x 2H20 4.296 0.233
MgO 1.658 0.603
Mg MgS04 x TH20 1.014 0.0986
H2S04 3.059 0.327
(NH4)2 SO4 4.124 0.2425
K2S04 5.437 0.184
MgS04 x TH20 7.689 0.13
S CaS0O4 x 2H20 5.371 0.186
APPENDIX B
Pipe and Conduit Flow
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APPENDIX C

Percentage of Daily Sunshine Hours: for North and South Hemispheres

243

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

8.50 |7.66 [8.49 [8.21 [8.50 [8.22 [8.50 [8.49 |8.21 |8.50 |8.22 | 8.50

8.32 [7.57 |8.47 [3.29 |8.65 |8.41 [8.67 |8.60 |8.23 |8.42 |8.07 |8.30
10 8.13 [7.47 |8.45 [8.37 |8.81 |8.60 [8.86 |8.71|8.25 [8.34 |7.91 |8.10
15 7.94 [7.36 |8.43 |8.44 [8.98 |8.80 |9.05 |8.83 [8.28 [8.20 |7.75 | 7.88
20 7.74 |7.25 [8.41 |8.52 19.15 [9.00 |9.25 | 8.96 |8.30 |8.18 | 7.58 | 7.66
25 7.53 |7.14 [8.39 |8.61 |9.33 [9.23 {9.45 |9.09 |8.32 [8.09 [7.40 |7.52
30 7.30 [7.03 |8.38 |8.71 [9.53 |9.49 |9.67 {9.22 {833 {7.99 |7.19 |7.15
32 7.20 [6.97 |8.37 |8.76 [9.62 |9.59 |9.77 |9.27 [|8.34 |7.95 |7.11 |7.05
34 7.10 {6.91 [8.36 |8.80 |9.72 [9.70 {9.88 |9.33 |8.36 [7.90 [ 7.02 |6.92
36 6.99 [6.85 |8.35 |8.85[9.82 |9.82 {9.99 |9.40 [8.37 [7.85|6.92 |6.79
38 6.87 [6.79 |8.34 {890 [9.92 |9.95 |10.1 {9.47 [3.38 [7.80 | 6.82 |6.66
40 6.76 |6.72 [8.33 |8.95|10.0 [10.1 |10.2 |9.54 |8.39 |7.75 [6.72 |7.52
42 6.63 [6.65 |8.31 (9.00 [10.1 |10.2 |10.4 |9.62 [8.40 [7.69 |6.62 |6.37
44 6.49 [6.58 |8.30 [9.06 [10.3 |10.4 |10.5 |9.70 |8.41 |7.63 |6.49 |6.21
46 6.34 |6.50 [8.29 {9.12 |10.4 |10.5 |10.6 |9.79 |8.42 |7.57 [6.36 | 6.04
48 6.17 {6.41 |8.27 |9.18 [10.5 |10.7 |10.8 |{9.89 [8.44 |7.51 |6.23 |5.86
50 598 [6.30 |8.24 |{9.24 [10.7 |10.9 |11.0 | 10.0 [8.35 [7.45 |6.10 |5.64
52 577 16.19 {821 {9.29 |109 |11.1 |11.2 |10.1 [8.49 |7.39 |5.93 |5.43
54 5.55 [6.08 |8.18 {9.36 [11.0 |11.4 |11.4 |10.3 [8.51 [7.20 |5.74 |5.18
56 530 [5.95 |8.15 (945 [11.2 |11.7 |11.6 |10.4 [8.53 |7.21 |5.54 |4.89
58 5.01 |5.81 [8.12 |{9.55 |11.5 |12.0 |12.0 | 10.6 |8.55 |7.10 [4.31 |4.56
60 4.67 |5.65 |8.08 |19.65 |11.7 [12.4 | 12.3 | 10.7 |8.57 |6.98 |5.04 |4.22

South

8.50 |7.66 [8.49 [8.21 [8.50 [8.22 [8.50 [8.49 |8.21 |8.50 |8.22 | 8.50

8.68 |7.76 [8.51 [8.15 8.34 [8.05 [8.33 [8.38 |8.19 |8.56 |8.37 |8.68
10 8.86 [7.87 |8.53 [8.09 |8.18 [7.86 |8.14 |8.27 |8.17 |8.62 [8.53 |8.88
15 9.05 [7.98 |8.55 (8.02 [8.02 |7.65|7.95 |8.15[8.15 [8.68 |8.70 |9.10
20 9.24 [8.09 |8.57 |7.94 |7.85 |7.43 |7.76 |8.03 |8.13 8.76 | 8.87 |9.33
25 9.46 |8.21 [8.60 |7.74 |7.66 |7.20 |7.54 |7.90 |8.11 [8.86 [9.04 | 9.58
30 9.70 [8.33 |8.62 |7.73 |7.45 |6.96 |7.31 |7.76 |8.07 {8.97 |9.24 |9.85
32 9.81 [8.39 |8.63 |7.69 [7.36 |6.85|7.21 |7.70 [8.06 {9.01 |9.33 |9.96
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34 9.92 (845 |8.64 |7.64 |7.27 |6.74 |7.10 |7.63 |8.05 [9.06 |9.42 | 10.1
36 10.0 [8.51 |8.65 |7.59 |7.18 |6.62 |6.99 |7.56 [8.04 {9.11 |9.35|10.2
38 10.2 |8.57 |8.66 |7.54 [7.08 |6.50 |6.87 |7.49 [8.03 [9.16 |9.61 |10.3
40 10.3 [8.63 |8.67 |7.49 |6.97 |6.37 |6.76 |7.41 {8.02 {9.21 |9.71 | 10.5
42 104 [8.70 |8.68 |7.44 |6.85 |6.23 |6.64 |7.33 [8.01 [9.26 |9.8 |10.6
44 10.5 [8.78 [8.69 [7.38 [6.73 |6.08 |6.51 |7.25[7.99 [9.31 |9.94 |10.8
46 10.7 [8.86 |8.90 |7.32 |6.61 |5.92 |6.37 |7.16 {7.96 {9.37 | 10.1 | 11.0
APPENDIX D

Psychrometric Constant (y) for Different Altitudes (2)

=107 [(C,P)(eh)] = (0.00163) x [P/3]
where y is the Psychrometric constant (kPa C); Cp is the specific heat of
moist air = 1.013 (kJ kg™ '°C™"); P is the atmospheric pressure (kPa); ¢ is the
ratio molecular weight of water vapor/dry air = 0.622; A is the latent heat of
vaporization = 2.45 MJ kg! at 20°C.

z Y z Y 4 Y 4 Y

m kPa/°C m kPa/°C m kPa/°C m kPa/°C

0 0.067 1000 0.060 2000 0.053 3000 0.047
100 0.067 1100 0.059 2100 0.052 3100 0.046
200 0.066 1200 0.058 2200 0.052 3200 0.046
300 0.065 1300 0.058 2300 0.051 3300 0.045
400 0.064 1400 0.057 2400 0.051 3400 0.045
500 0.064 1500 0.056 2500 0.050 3500 0.044
600 0.063 1600 0.056 2600 0.049 3600 0.043
700 0.062 1700 0.055 2700 0.049 3700 0.043
800 0.061 1800 0.054 2800 0.048 3800 0.042
900 0.061 1900 0.054 2900 0.047 3900 0.042
1000 0.060 2000 0.053 3000 0.047 4000 0.041
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APPENDIX E
Saturation Vapor Pressure [¢] for Different Temperatures (7)
Vapor pressure function = e = [0.6108] x exp{[17.27 X T|/[T + 237.3]}
T e T e T e, T e,
°C kPa [°C  |kPa |°C kPa °C |kPa
1.0 0.657 |[13.0 |1.498 |25.0 3.168 37.0 |6.275
1.5 0.681 13.5 |1.547 |25.5 3.263 37.5 |6.448
2.0 0.706 14.0 1.599 26.0 3.361 38.0 6.625
2.5 0.731 14.5 1.651 26.5 3.462 38.5 6.806
3.0 0.758 15.0 1.705 27.0 3.565 39.0 6.991
35 0.785 15.5 1.761 27.5 3.671 39.5 7.181
4.0 0.813 16.0 1.818 28.0 3.780 40.0 7.376
4.5 0.842 16.5 1.877 28.5 3.891 40.5 7.574
5.0 0.872 17.0 1.938 29.0 4.006 41.0 7.778
5.5 0.903 17.5 2.000 29.5 4.123 41.5 7.986
6.0 0.935 18.0 2.064 30.0 4.243 42.0 8.199
6.5 0.968 18.5 2.130 30.5 4.366 42.5 8.417
7.0 1.002 19.0 2.197 31.0 4.493 43.0 8.640
7.5 1.037 19.5 2.267 315 4.622 43.5 8.867
8.0 1.073 20.0 2.338 32.0 4.755 44.0 9.101
8.5 1.110 20.5 2.412 325 4.891 44.5 9.339
9.0 1.148 21.0 2.487 33.0 5.030 45.0 9.582
9.5 1.187 21.5 2.564 335 5.173 45.5 9.832
10.0 1.228 22.0 2.644 34.0 5.319 46.0 10.086
10.5 1.270 22.5 2.726 34.5 5.469 46.5 10.347
11.0 1.313 23.0 2.809 35.0 5.623 47.0 10.613
11.5 1.357 23.5 2.896 35.5 5.780 47.5 10.885
12.0 1.403 24.0 2.984 36.0 5.941 48.0 11.163
12.5 1.449 24.5 3.075 36.5 6.106 48.5 11.447
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APPENDIX F

Slope of Vapor Pressure Curve (A) for Different Temperatures (T)

A= [4098. &(T)]/[T +237.3]
=2504{exp[(17.27T)(T + 237.2)}/[T + 23732

T A T A T A T A
°C kPa/°C °C kPa/°C |°C kPa/°C |°C |kPa/°C

1.0 0.047 13.0 0.098 25.0 |0.189 [37.0 |0.342

1.5 0.049 13.5 0.101 255 10.194 [37.5 |0.350

2.0 0.050 14.0 0.104 26.0 [0.199 38.0 {0.358

2.5 0.052 14.5 0.107 26.5 (0.204 38.5 |0.367

3.0 0.054 15.0 0.110 27.0 10.209 39.0 |0.375

3.5 0.055 15.5 0.113 27.5 10.215 39.5 |0.384

4.0 0.057 16.0 0.116 28.0 10.220 |{40.0 |0.393

4.5 0.059 16.5 0.119 28.5 10.226 |40.5 |0.402

5.0 0.061 17.0 0.123 29.0 |0.231 41.0 [0.412

5.5 0.063 17.5 0.126 29.5 10.237 |41.5 |0.421

6.0 0.065 18.0 0.130 30.0 0.243 42.0 10.431

6.5 0.067 18.5 0.133 30.5 |0.249 42.5 10.441

7.0 0.069 19.0 0.137 31.0 |0.256 43.0 10.451

7.5 0.071 19.5 0.141 31.5 10262 [43.5 |0.461

8.0 0.073 20.0 0.145 32.0 [0.269 [44.0 |0.471

8.5 0.075 20.5 0.149 32.5 10275 445 |0.482

9.0 0.078 21.0 0.153 33.0 [0.282 [45.0 |0.493

9.5 0.080 21.5 0.157 33.5 |0.289 45.5 10.504

10.0 0.082 22.0 0.161 34.0 |0.296 46.0 |0.515

10.5 0.085 22.5 0.165 345 10.303 46.5 10.526

11.0 |0.087 23.0 0.170 35.0 |0.311 47.0 (0.538

11.5 0.090 235 0.174 35.5 [0318 [47.5 |0.550

12.0 |0.092 24.0 0.179 36.0 0326 [48.0 |0.562

12.5 |0.095 24.5 0.184 36.5 (0334 485 [0.574
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APPENDIX G

Number of the Day in the Year (Julian Day)
Day (Jan |Feb |[Mar |Apr |May |Jun |Jul |Aug [Sep |Oct |Nov |Dec
1 1 32 |60 91 |121 |152 |182 |213 |244 |274 |305 |335
2 2 33 |61 92 122 | 153 |183 |214 |245 |275 |[306 |336
3 3 34 |62 93 123 | 154 | 184 |215 |246 |276 |[307 |337
4 4 35 |63 94 (124 | 155 | 185 |216 |247 |277 |[308 |338
5 5 36 |64 95 125 |156 | 186 |217 |248 |278 |[309 |339
6 6 37 |65 96 [126 | 157 | 187 |218 |249 |279 |[310 |340
7 7 38 |66 97 [127 | 158 |188 |219 |250 |280 |311 |34l
8 8 39 |67 98 [128 |159 |189 |220 |251 |281 |[312 |342
9 9 40 |68 99 |129 |160 |190 [221 |252 |282 |[313 |343
10 10 41 |69 100 | 130 |161 |191 |222 |253 (283 (314 |344
1 11 42 |70 101 | 131 |[162 |192 |223 |254 |284 |315 |345
12 12 43 |71 102 | 132 |163 |193 |224 |255 |285 |[316 |346
13 13 44 |72 103 | 133 |164 | 194 |225 |256 |286 |317 |347
14 14 45 |73 104 | 134 |[165 | 195 |226 (257 |287 |318 348
15 15 46 |74 105 | 135 |[166 | 196 |227 |258 |288 |319 |[349
16 16 47 |75 106 | 136 |167 |197 |228 |259 |289 |[320 |350
17 17 48 |76 107 | 137 |[168 | 198 |229 |260 |290 |321 |351
18 18 49 |77 108 | 138 |169 |199 |230 |261 |[291 |[322 |352
19 19 50 |78 109 | 139 |[170 |200 |231 262 |292 |323 |353
20 20 51 |79 110 | 140 |[171 |201 |232 |263 |293 |[324 |354
21 21 52 (80 111 | 141 |172 |202 |233 |[264 [294 |[325 |355
22 22 53 |81 112 | 142 |[173 |203 |234 |[265 |295 |326 |356
23 23 54 |82 113 | 143 |[174 |204 |235 |[266 |296 |327 |357
24 24 55 |83 114 | 144 |175 |205 |236 |267 |297 |328 358
25 25 56 |84 115 | 145 [176 |206 |237 |[268 |298 |329 359
26 26 57 |85 116 | 146 |177 |207 |238 |269 |299 |[330 |360
27 27 58 |86 117 | 147 |178 |208 |239 |270 |300 |331 |36l
28 28 59 |87 118 | 148 |[179 |209 |240 (271 |301 |332 |362
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29 29 (60) | 88 119 (149 [180 |210 [241 |[272 |302 |333 (363

30 30 - 89 120 (150 |181 |211 [242 |273 |303 |334 |364
31 31 - 90 - 151 |- 212|243 |- 304 |- 365
APPENDIX H

Stefan—Boltzmann Law at Different Temperatures (7)

[0%(T,)*] = [4.903 x 10°], MJ K m2 day"!

where T, = {T[°C] + 273.16}

T o*(T,) T o*(T, )" T o*(T,)*
°C MIim?>d' |°C MIim?>d' [°C |MJm?>d’
1.0 27.70 17.0 34.75 33.0 |43.08
1.5 27.90 17.5 34.99 33.5 |43.36
2.0 28.11 18.0 35.24 340 [43.64
2.5 28.31 18.5 3548 345 143.93
3.0 28.52 19.0 35.72 350 (44.21
35 28.72 19.5 35.97 35.5 144.50
4.0 28.93 20.0 36.21 36.0 |44.79
4.5 29.14 20.5 36.46 36.5 |45.08
5.0 29.35 21.0 36.71 37.0 |45.37
5.5 29.56 21.5 36.96 37.5 |45.67
6.0 29.78 22.0 37.21 38.0 (4596
6.5 29.99 22.5 37.47 38.5 [46.26
7.0 30.21 23.0 37.72 39.0 |46.56
7.5 30.42 23.5 37.98 39.5 |46.85
8.0 30.64 24.0 38.23 40.0 |47.15
8.5 30.86 24.5 38.49 40.5 |47.46
9.0 31.08 25.0 38.75 41.0 |47.76
9.5 31.30 25.5 39.01 41.5 |48.06
10.0 31.52 26.0 39.27 42.0 |48.37
10.5 31.74 26.5 39.53 42.5 |48.68
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11.0 31.97 27.0 39.80 43.0 |48.99
11.5 32.19 27.5 40.06 43.5 49.30
12.0 32.42 28.0 40.33 44.0 |49.61
12.5 32.65 28.5 40.60 44.5 |49.92
13.0 32.88 29.0 40.87 45.0 |50.24
13.5 33.11 29.5 41.14 45.5 |50.56
14.0 33.34 30.0 41.41 46.0 |50.87
14.5 33.57 30.5 41.69 46.5 |51.19
15.0 33.81 31.0 41.96 47.0 |51.51
15.5 34.04 31.5 42.24 475 |51.84
16.0 34.28 32.0 42.52 48.0 |52.16
16.5 34,52 32.5 42.80 48.5 |52.49
APPENDIX |

Thermodynamic Properties of Air and Water

1. Latent Heat of Vaporization (1)

A=[2.501—2.361 x 103) T]
where 4 is the latent heat of vaporization (MJ kg') and T is the air temperature (°C).

The value of the latent heat varies only slightly over normal temperature ranges.
A single value may be taken (for ambient temperature = 20°C): 2 =2.45 MJ kg™

2. Atmospheric Pressure (P)

P=P [{T ~u(Z-Z,) }/{TKO}](g/(a.R))

where P is the atmospheric pressure at elevation Z (kPa); P, is the atmo-
spheric pressure at sea level = 101.3 kPa; Z, elevation (m); Z is the elevation
at reference level (m); g, gravitational acceleration = 9.807 m s2; R is the
specific gas constant =287 J kg K-!; a is the constant lapse rate for moist air

=0.0065Km™; T

> T KO

si the reference temperature (K) at elevation Z = 273.16
+ T T is the air temperature for the time period of calculation (°C).

When assuming P; = 101.3 kPa at Z = 0, and T,, = 293 K for T = 20°C, the

above equation reduces to
P=101.3[(293-0.0065Z) (293)]°*¢

3. Atmospheric Density (p)

p = [1000P]/[T, R]|=[3.486P/[T, |, and T, =T, [1-0.378(c )/P]"
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~1 K—l .

where p is the atmospheric density (kg m~); R, specific gas constant =287 J kg
T, virtual temperature (K); 7, absolute temperature (K), 7, =273.16 + T (°C); e,
actual vapor pressure (kPa); T mean daily temperature for 24-h calculation time
steps.

For average conditions (e, in the range of 1-5 kPa and P between 80 and 100
kPa), T, can be substituted by 7, = 1.01 (T +273)

4. Saturation Vapor Pressure Function (e)

e = [0.6108]xexp{[17.27<T}/[T + 237.3]}

where e_is the saturation vapor pressure function (kPa) and 7'is the air temperature
0

5. Slope Vapor Pressure Curve (A)
= [4098. &(D)/[T + 237.3]*
=2504{exp[(17.27T)/(T + 237.2)1}/[T + 237.3)*

where 4 is the slope vapor pressure curve (kPa C™'); T is the air temperature (°C);
and €°(T) is the saturation vapor pressure at temperature 7 (kPa).

In 24-h calculations, A is calculated using mean daily air temperature. In hourly
calculations, T refers to the hourly mean, 7, .

6. Psychrometric Constant (y)
y=1073 [(C,-P)/(e.1)] = (0.00163) x [P/4]

where y is the psychrometric constant (kPa C'); Cp is the specific heat of
moist air = 1.013 kJ kg '°C™'; P, atmospheric pressure (kPa): eq 2 or 4; ¢ is
the ratio molecular weight of water vapor/dry air = 0.622; and 4 is the latent
heat of vaporization (MJ kg™")

7. Dew Point Temperature (7, )
When data is not available, T,  can be computed from e_ by
T, =[{116.91 +237.3Log (e,)}/{16.78 — Log (e )}]

where T, is the dew point temperature (°C); and e, actual vapor pressure (kPa)
For the case of measurements with the Assmann psychrometer, T,  can be cal-
culated from
=112+09T, Jle/(e" T )I"'>-[112-0.1T, ]

wet wet
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8. Shortwave Radiation on a Clear Sky Day (R )

The calculation of R is required for computing net long-wave radiation and for
checking the calibration of pyranometers and the integrity of R  data. A good ap-
proximation for R | for daily and hourly periods is

R_=(0.75+2x10° Z)R,

where Z is the station elevation (m); and R_is the extraterrestrial radiation
MJm?2d™").

Equation is valid for station elevations less than 6000 m having low air turbid-
ity. The equation was developed by linearizing Beer’s radiation extinction law as a
function of station elevation and assuming that the average angle of the sun above
the horizon is about 50°.

For areas of high turbidity caused by pollution or airborne dust or for regions
where the sun angle is significantly less than 50° so that the path length of radiation
through the atmosphere is increased, an adoption of Beer’s law can be employed
where P is used to represent atmospheric mass:

R = (R) exp[(-0.0018P)/(K sin(D))]

where K| is the turbidity coefficient, 0 < K, < 1.0 where K, = 1.0 for clean air
and K, = 1.0 for extremely turbid, dusty, or polluted air; P, atmospheric pressure
(kPa); @, angle of the sun above the horizon (rad); R, is the extraterrestrial radiation
MJm?2d™")

For hourly or shorter periods, @ is calculated as

sin @ = sin ¢ sin d + cos ¢ cos J cos @

where ¢ is the latitude (rad); J is the solar declination (rad) (eq. 24 in Chapter 3);
and o is the solar time angle at midpoint of hourly or shorter period (rad).

For 24-h periods, the mean daily sun angle, weighted according to R, can be
approximated as

sin(®,,) = sin[0.85 + 0.3 ¢ sin{(2n.J/365)-1.39}-0.42 ¢’|
where @,, is the average @ during the daylight period, weighted according to R,
(rad); ¢, latitude (rad); and J, day in the year.

The @,, variable is used to represent the average sun angle during daylight hours
and has been weighted to represent integrated 24-h transmission effects on 24-h R |
by the atmosphere. @,, should be limited to >0. In some situations, the estimation
for R can be improved by modification to consider the effects of water vapor on
shortwave absorption, so that R = (K, + K )R where

K, = 0.98exp[{(-0.00146P)/(K, sin @)}-0.091{w/sin &}*>]

where K, is the clearness index for direct beam radiation and K, is the corre-
sponding index for diffuse beam radiation.

K,=0.35-033 K, for K, >0.15

K,=0.18+0.82 K for K, <0.15

R, extraterrestrial radiation (MJ m d™'); K|, turbidity coefficient, 0 < K < 1.0
where K, = 1.0 for clean air and K, = 1.0 for extremely turbid, dusty, or polluted air;
P, atmospheric pressure (kPa); @, angle of the sun above the horizon (rad); W, per-
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ceptible water in the atmosphere (mm) = 0.14 ¢ P + 2.1; e , actual vapor pressure

(kPa); P, atmospheric pressure (kPa).
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Psychrometric Chart at Sea Level
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APPENDIX K
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[http://www.fao.org/docrep/TOS551E/t0551e07.htm#5.5%20field%20manage-

ment%?20practices%20in%20wastewater%?20irrigation]

1. Relationship between applied water salinity and soil water salinity at differ-
ent leaching fractions (FAO, 1985).
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3. Main components of general planning guidelines for wastewater reuse (Cobham and Johnson, 1988).
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APPENDIX L

From: Vincent F. Bralts, 2015. Chapter 3: Evaluation of the uniformity coefficients.

In: Sustainable Micro Irrigation Management for Trees and Vines, Volume 3 by M.
R. Goyal (Ed.). Apple Academic Press Inc.,

1. Uniformity Classification

Classification Statistical Uniformity Emission Uniformity
Excellent For U = 100-95% 100-94%

Good For U =90-85% 87-81%

Fair For U = 80-75% 75-68%

Poor For U =70-65% 62-56%

Not acceptable For U <60% <50%

2. Acceptable Intervals of Uniformity in a Drip Irrigation System

Type of Dripper Slope Uniformity Interval, %
Point source: located in planting Level® 90-95
distance > 3.9 m Inclined® 85-90
Point source: located in planting Level® 85-90
distance <3.9m Inclined® 80-90
Drippers inserted in the lines for annual Level® 80-90
TOW crops .
Inclined® 75-85

aLevel = slope less that 2%.
*Inclined = slope greater than 2%
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3. Confidence Limits for Field Uniformity (U)

18 Drippers 36 Drippers 72 Drippers

f;/e;d Uniformity Confidence Limit Confidence Limit Confidence Limit
(1]

N Sum* % N Sum % NSum %
100 3 U+00 6 U=+0.6% 12 U= 0.0%
90 3 U+29 6 U+2.0% 12 U+x1.4%
80 3 U+58 6 U=+ 4.0% 12 U+2.8%
70 3 U+x94 6 U=+ 6.5% 12 U+4.5%
60 3 U+133 6 U+9.2% 12 U+ 6.5%

2N Sum = One-sixth part of the total measured drippers. This is a number of samples that will
be added to calculate 7, and T __ .

4. Nomograph for statistical uniformity.
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5. The field uniformity of an irrigation system based on the dripper times and the
dripper flow rate.

© 2016 Apple Academic Press, Inc.



Appendices 257
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6. The field uniformity of a drip irrigation system based on the time to collect a
known quantity of water or based on pressure for hydraulic uniformity.
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A

A200 turbulent dripper, 96
A300 turbulent dripper, 95
Absolute maximum depth, 111, 118, 119,
132, 133, 139, 145, 148, 158, 165
Acceptable intervals of, uniformity, 255
Acid injection rate, 178, 190
Acid treatment, 17, 26, 37, 173, 174, 189,
190, 200, 204, 205, 207, 210, 213, 215,
217,218, 220, 221, 224, 225, 227-231
Acidification, 26, 51, 65, 173, 174, 190,
197, 200, 232
prevent clogging, 178
Adsorption, 35, 36, 52-57, 64, 65
Agricultural growth, 32
Agricultural Research Council, 52, 90, 105
Institute for Agricultural Engineering,
90, 105
Air release valve, 124, 126
Air relief valve, 18, 26
Air temperature, 249, 250
Airborne dust, 251
Algae, 7, 8, 10, 11, 14, 15, 21, 24, 34,
36-39, 41, 46-50, 58, 59, 62, 93, 126,
172, 173, 176
Algae and protozoa (AP), 49
Algicides, 23, 59
Aluminum, 4
American Society of Agricultural Engineers,
92,94, 105, 160, 189, 232
Ammonia, 6, 7, 58, 179
Ammonium nitrate, 6, 7, 179
Ammonium sulfate, 6, 7
Analysis of variance (ANOVA), 80, 150,
156
Ants, 42
Argus nutrient dosing handbook, 173
Assmann psychrometer, 250
Atmosphere, 26, 239, 251, 252
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Atmospheric density, 249, 250
Atmospheric pressure, 244, 249-252
Atomic absorption spectrometry, 56
Automatic solenoid valve, 19, 26
Average application depth, 111, 117, 118,
132, 139, 147, 157, 164, 166
Average discharge category, 94
Average emission uniformity, 199
before/after first application of acid, 199
Average number of,
rose flowers, 220
Average precipitation depth, 164

B

Backflow, 18, 19, 26, 175
Backwash process, 63
Backwashing, 62
Bacterial filaments, 43
Bactericides, 23, 59
Balkassar soil, 54
Bar, 26, 120, 239
Beam radiation, 251
Beer’s radiation extinction law, 251
Beggiatoa, 41
Bell pepper, 172, 174, 190, 196, 197, 215,
221-229, 232
Bermuda grass, 50
Bicarbonate, 34, 59, 77, 81, 176, 197, 200,
207
Biofilm structure, 43, 46
Biological agents, 7-10, 25, 26, 49, 172
Biometric observations, 190, 191, 215, 221,
230
capsicum, 193
Dutch rose flower, 190-192, 215
Boman method, 116
Boucher’s filterability index, 49
Brazil, 38, 53, 65
Brownian motion, 61
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Bud length, 190, 191, 193, 215, 218, 220,
231
Burkholderia spp., 48

C

Calcium bicarbonate, 7
Calcium carbonate, 13, 34, 39, 59, 172, 173,
178
Calcium hypochlorite, 9, 13, 34
Calcium nitrate, 6, 7
Calcium salt, 7
Calcium sulfate insoluble, 6
Calcium, magnesium, 43, 77, 200, 207
Calibration, 18, 19, 24, 251
pyranometers, 251
Capsicum, 172, 174, 179, 190, 196, 215,
231,232
plant girth, 195
plant height, 194
plant spreads, 194
Carbonate, 36, 77, 81, 85, 197, 200, 207
Catch cans, 116, 117, 120, 123, 129, 130,
149
grid points, 129
grid selection, 129
Centrifugal pump, 19, 26, 124
CFD simulations, 38
Chakwal soil, 54
Characterization of water, 85
Check valve, 4, 13, 18, 25, 26
Chelates, 8
Chemical analysis, 4, 9, 24, 45, 197, 230
see, water
Chemical distribution, 4
Chemical injection, 4, 19, 25, 40, 42, 178
Chemical treatment, 34, 38, 43, 62, 90, 104,
105
Chemigation, 4-9, 17-20, 22, 24-26
process, 5
tank, 4, 25
China, 38, 56, 65, 172
Chloration, 4, 8-10, 14, 15, 24-26
chlorination, 8
Chloration, principle of, 11
Chloride content, 176
Chlorination, 8, 26, 35, 39, 46, 48, 49, 51,
64, 65,173
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Chlorine, 8, 9, 12—15, 25
Chlorine powder, 8, 25
Chlorosis, 26
Chlorosis signs, 23
Christiansen formula, 133
Christiansen method, 120, 123
Christiansen’s uniformity coefficient, 120
Chrysoperla externa, 42
Clay, 10, 21, 23, 26, 53, 55, 58, 60-62, 126,
172
Cleaning with acids and chlorine, 22
Cleaning with pressurized air, 21, 26, 64
Clogging, 4-11, 20-22, 25, 26, 33-52,
57-60, 64, 65, 76, 79, 80-85, 90-94,
100-105, 109, 172-179, 198, 200, 205,
206, 214, 229-232
Clogging mechanism, 35, 65
Clogging problems, 33-36
Clogging, biological, 41, 64, 65
ants, 42
biofilm development, 44
biofilm structure, 42
iron bacteria, 41
larvae, 42
microorganisms, 41
plant roots, 42
role of, biofilms in emitter clogging, 42
sulfur bacteria, 41
Clogging, causes, 35
Clogging, causes and prevention, 177
Clogging, chemical, 39, 64, 65, 229
Clogging, physical, 36, 64, 65
Clogging, preventive measures, 48
Coco-peat cultivation, 231
Coefficient of manufacturing variation, 92,
114, 115
Coefficient of variation, 38, 46, 51, 79,
82-85, 92, 100-105, 111, 133, 145, 165,
178, 189, 201-205, 208, 211, 214, 230,
232
Coefficient of variation of, emitter dis-
charge, 82
Cohesive forces, 35
Colorado River, 37, 47
Computational fluid dynamics (CFD), 38
Connecting tubes, 4, 25
Control valve, 124, 127
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Conventional irrigation, 174, 175
Conventional surface irrigation methods,
108
border irrigation, 108
check basin irrigation, 108
furrow irrigation, 108
Conversion of, SI and non-SI units, 237
Corrosion resistant, 4, 5, 17, 19, 25
Crop characteristics, 214
Crop growth, 84, 85, 172, 174, 190-193,
229,231
Curve-fitting computer program, 130

D

Daily sunshine hours percentage, 243
Deep well, 9, 19
Delivery rate, 93, 100, 104, 105
Depositing pones, 38
Dew point temperature, 250
Diammonium phosphate, 6, 54
Dicalcium phosphate insoluble, 6
Discharge, 5, 6, 15, 16, 25, 36, 38, 40, 45,
49-51, 64, 76-85, 91-97, 100-103, 109—
120, 123, 125, 129, 130-139, 151, 153,
155, 157, 159, 160, 176-178, 185-189,
202, 205, 214, 231, 232
Discharge categories, 93-96, 100, 101
average discharge, 93
increased discharge, 93
reduced discharge, 93
Dissolve, 14, 22, 26, 47, 59
Distribution characteristic, 111, 133, 148,
158, 165
Distribution lines, 8, 21, 26
Distribution uniformity, 38, 51, 109, 110,
135, 153, 160, 167, 176
Dosages of, chlorine, 15
DRIFT method, 56
Drip irrigation, 4—14, 20, 21, 25, 26, 32-43,
46-52, 58, 6265, 76, 81, 84, 85, 90,
101-105, 109, 111, 119, 172-180, 185,
186, 189, 197-218, 221, 225, 229-232,
255,258
Drip-irrigated crops, 8
Drippers, 7, 8, 14, 17, 21-26, 33, 35, 38,
39, 4448, 76, 90-92, 100, 104, 105, 113,
177, 178, 186, 198, 232, 256
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laboratory tests, 91, 92, 95

selection, 90, 91
DS-99 acid, 182, 231, 232
Dubinin—-Radushkevich isotherm model, 55
Dutch roses, 192, 231

after bending, 192

E

Effective maximum depth, 111, 117-119,
132, 139, 145-148, 158, 164
Effective radius, 111, 116, 119, 132, 133,
139, 145-148, 157, 165
Effluent, 35, 37, 3941, 43, 45-49, 51, 52,
65,176, 178
Eggplant harvest, 45
Electrical conductivity, 77, 172, 176
EC sensor, 185
Electrostatic interaction, 54
Emission uniformity, 50, 51, 95, 104, 105,
112, 134, 135, 151, 160, 174, 186-188,
216, 218, 220-229, 232
crop growth parameters, 179
Emitter, 26, 33-52, 58-60, 64, 65, 76-95,
100-105, 109, 112, 116, 119, 121, 160,
172-178, 181-183, 186-189, 198-214,
229-232
Emitter clogging, 33-35, 38, 40, 42, 43, 46,
47,51, 52, 64, 105, 172,173, 177, 178,
229,231
Emitter discharge, 40, 46, 49, 84, 85, 95,
178, 186
Emitter flow rate, 79, 82, 85
variation, 79
Emitter hydraulics, 81, 85
Emitter placement, 82, 83, 85
Emitters types, 91
End plugs, 186
Enterobacter, 10
Environmental scanning electron micros-
copy, 55
Epystilys balanarum, 45
Ethylenediamine, 56
Exopolysaccharide (EPS) matrix, 44
Experimental setup layout, 124

F



262

Farmer, 20
Ferric oxide, 39, 173, 178
Ferro bacteria, 15
Fertigation, 6, 7, 8, 18, 26, 47, 125,
177-180, 185, 189, 191, 196, 217
Fertigation unit, 185
Fertilizer, 10, 22, 26, 40, 43, 109, 124, 179,
191, 231
Fertilizer tank, 124
Fertilizers, 6, 7, 18, 24, 25, 54, 58, 217, 218,
220-225, 227
Fiber glass, 19
Field capacity, 17, 25, 26
Field evaluation, 52, 94, 105, 232
drip systems, 94
Field experiment layout, 77
Field performance, 160
Field uniformity, 256, 258
Filter, 11, 19, 21, 25, 26, 37, 38, 41, 42,
45-51, 60-64, 76, 77, 82-85, 103,
124-126, 175, 185
effectiveness, 60
gravel, 60
screen, 60
Filter cleaning, 60, 62
Filter, sand, 26, 124, 125
Filtering efficiency, 177
Filtration, 7-11, 14, 21, 25, 27, 37, 38, 43,
45,48, 49, 59-61, 64, 76, 78, 81-84, 101,
104, 105, 126, 176
Filtration system, 7-11, 21, 27, 76-78, 83,
126
Filtration unit, 125
First cans, 131
Fixed spray plate sprinkler (FSPS), 117, 118
Fixed-plate, 118
Flow metering valve, 27
Flow—pressure relationship, 81
Flushing, 11, 21, 22, 25, 34, 37-40, 43, 46,
51, 52,59, 63-65, 104, 105, 124, 126,
173, 175-211-214, 230, 232
Flushing method, 21
Flushing process, 40
Freundlich, 53-57, 65
Freundlich equation, 53, 54, 65
Freundlich isotherm, 53, 55
Fruit length, 179, 193-196, 225, 227, 231
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Fruit weight, 179, 196, 197, 228
Fruit yield, 174, 193, 228
Fumigation process, 17
Fungigation, 4, 27

G

Gas treatment, 9

Gate valve, 4, 5, 18, 19, 24, 25,27, 77, 126,
185

Genesee silt loam, 53

Glauconite, 53

Glycerophosphates, 7, 27

Gravel filters, 60

Groundwater, 40, 41, 62, 76-85, 172, 229
utilization, 84, 85

H

Head—discharge relationship, 85
emitters, 78

Health hazards, 4, 18, 19, 20, 25
Herbigation, 4, 27
High-density polyethylene (HDPE), 35, 57
Hole puncher, 175
Hydraulic coefficient, 85
Hydraulic performance, 84, 113, 119, 177
Hydraulic uniformity, 258
Hydrochloric acid, 17, 22, 39, 173, 183,

229,231,232
Hydrocyclone filter, 124, 125
Hypochloric acid, 11
Hypochlorite, 11-13, 22, 25, 37, 46, 47
Hypochlorous acid, 15

I

In-depth filtration, 37
India, 32, 33, 57, 65, 76, 77, 107, 108, 123,
160, 171, 172, 174, 176, 197, 229, 232
Indian Agricultural Research Institute, 77
Indian Society of Agricultural Engineers,
160
Injection method, 4, 5
check valve, 4
chemigation tank, 4
connecting tubes, 4
gate valve, 4
pressure difference, 5
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pressure gauge, 4
pressure pump, 5
pressure regulator, 4
pump, 4
venturi principle, 5
Injection system, 17, 25, 27
In-line-type emitter, 183, 205, 207, 213,
230-232
Insectigation, 4, 27
Institute for Agricultural Engineering, 52,
90, 105
Iron bacteria, 41
Irrigation line, 5
Irrigation methods, 32, 108, 109
conventional surface irrigation methods,
108
pressurized irrigation methods, 108
subsurface irrigation methods, 108
Irrigation pump, 5, 6, 18, 40, 178
Irrigation suitability, 175
Irrigation throw diameter, 160
Irrigation uniformity, 109, 110, 121
micro sprinkler, 109
Irrigation water, 7, 9, 11, 15, 19, 33, 34, 38,
50, 59, 60, 108, 112, 139, 173, 185, 229

J
Julian day, 247

K

Keller method, 116, 147, 164, 165
Kotli soil, 55

L

Laboratory evaluation of, retrieved emitters,
96

Lagrangian coordinate system, 49
Laminar flow, 34, 51, 60, 91, 112, 178
Langmuir, 52-57, 65

equation, 52, 65

isotherm, 53
Lapse rate, 249
Larvae, 42, 50
Latent heat of vaporization, 244, 249, 250
Lateral placement, 85
Layout of poly-house, 182
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LEPA, 121

Life-sustaining profession, 108

Line, distribution, 27

Line, main, 27

Linear low-density polyethylene (LLDPE),
35,57,58

Low drift nozzle, 118

Low-pressure tank, 5

M

Macroorganisms, 9
Magnesium bicarbonate, 7
Magnesium carbonate, 39, 81, 173, 178
Magnesium salt, 7
Magnesium sulfate, 6, 191
Maharashtra, 57, 172, 174, 180, 232
Main components of,
general planning guidelines for wastewa-
ter reuse, 254
Maintenance, 8, 9, 17, 20, 26, 27, 33, 39,
41, 43, 48, 52, 61, 64, 90, 103-105, 177,
178
Management of, emitter clogging, 73
Manganese sulfate, 6
Manual gate valve, 19, 27
Mean application depth, 111, 116, 132, 133,
139, 145, 148, 158, 165
Measurement of,
capsicum plant girth, 195
capsicum plant height, 194
capsicum plant spreads, 194
Media filters, 60, 62, 76
Methods to repair, tubes or drip lines, 22
Micro irrigation, 34, 41, 42, 47, 48, 51,
85,109, 114, 115, 122, 126, 156, 160,
174-177, 232
Micro sprinkler, 42, 107-123, 126-140,
147-160, 164, 166
MSBK, 123
MSBL, 123
MSG, 123
MSW, 123
MSY, 123
Micro sprinkler irrigation, 109, 110, 111,
112, 119, 126, 128, 130, 157
Micronutrients, 8
Microorganisms, 811, 14, 15, 23, 41, 49



264

Moist air, 244, 249, 250
Monoammonium phosphate, 6, 191
Monocalcium phosphate insoluble, 6
Monsoon rains, 32

Montmorillonite (MMT), 53, 56

N

N,N-diethyl-p-phenylenediamine (DPD), 16

Nemagation, 4, 27

Nigeria, 57, 65

Nitric acid, 38, 173, 178, 179, 183, 229,
231,232

Nitrogen, 7, 11, 24,27, 176

Nitrogen fertigation, 7, 27

Nitrophsophate, 54

Non-return valve, 124, 126, 185

Normal distribution curve, 92
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