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Abstract  

Guayule (Parthenium argentatum) is a drought-tolerant shrub recognized for its potential as a 

sustainable source of natural rubber. Efficient water and nutrient management are crucial for 

maximizing guayule productivity for Bridgestone this be broader to include state growers in 

Arizona, particularly in arid and semi-arid regions. This study investigates the implementation of 

a drip irrigation system for guayule cultivation, incorporating clogging prevention methods and 

UAN32 (urea-ammonium nitrate) fertigation. 

The drip irrigation system design, including emitter selection, lateral spacing, and operating 

pressures, is optimized for guayule cultivation. Various clogging prevention strategies are 

evaluated, such as proper water filtration, periodic flushing, and the use of chemical treatments 

like acid injections. Additionally, the study explores the integration of UAN32 fertilizer through 

the drip irrigation system, allowing for targeted and efficient nutrient delivery. 

The results demonstrate that a well-designed drip irrigation system, coupled with effective 

clogging prevention techniques and UAN32 fertigation, can significantly improve water and 

nutrient use efficiency, leading to enhanced guayule growth and rubber yield. Specific clogging 

prevention methods, such as ion exchange process and acid injection, and physical methods like 

automated flushing valves, are found to be effective in maintaining system performance and 

longevity but are cost prohibitive for growers. The initial goal was to design a gravity fed system, 

however, given the water quality in the region, pressurized drip systems are required. The water 

in central Arizona has 500 to 760 ppm of TDS whereas the MCL is 500ppm.This study provides 

valuable insights for guayule growers and researchers, enabling them to implement sustainable 

and efficient irrigation and fertigation practices. It contributes to the successful cultivation of 

guayule as a viable alternative source of natural rubber while promoting water and nutrient 

conservation in arid and semi-arid regions. 
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Chapter 1    Introduction 

In the arid regions of the southwestern United States, agriculture heavily relies on irrigation to 

overcome water shortages. However, ongoing drought conditions and the increasing allocation of 

water supplies for industrial and municipal purposes have posed significant challenges to irrigated 

agriculture in this region. Poor water quality can have significant negative impacts on drip 

irrigation systems such as emitter clogging due to high levels of minerals, sediment, or organic 

matter (9). Furthermore, the longevity and effectiveness of the irrigation equipment decreases, 

necessitating more frequent replacements. Fluctuations in pressure and flow rate can result in 

inconsistent water application and salinity issues. Poor water quality can create a favorable 

environment for the growth of pathogens and pests. To address poor water quality, water treatment 

or filtration systems are implemented (8). Filtration methods such as sand filters, screen filters, or 

media filters can remove sediments and debris from the water. Additionally, chemical treatments 

or technologies like reverse osmosis or ultrafiltration can help remove impurities and improve 

water quality. Regular water testing can provide insights into specific water quality parameters, to 

take appropriate measures for treatment or mitigation. 

There is a pressing need for the implementation of efficient crop water management practices and 

the introduction of alternative agricultural crops that are both low water-use and drought-tolerant 

while offering economic viability. Among these alternative crops, guayule (Parthenium 

argentatum, A. Gray) has emerged as a promising solution for farmers in Arizona. This perennial 

shrub, native to the Chihuahuan Desert, not only thrives in low water conditions but also produces 

high-quality natural rubber, making it ideal for manufacturing commercial-grade tires. 

Additionally, guayule yields resin with numerous potential applications and bagasse that can be 

converted into biofuel or high-density composite boards. By integrating guayule into the crop mix, 

Arizona farmers aim to alleviate the strain of water shortages and create a sustainable and resilient 

agricultural industry (1). However, successful guayule cultivation requires careful water 

management during the initial growth period and the adaptation of irrigation techniques in 

response to the southwestern U.S. desert's challenging environment. Moreover, ongoing research 

aims to develop drought-tolerant guayule varieties that could further reduce water requirements 

and guarantee its economic potential in the face of ongoing water scarcity (1).  

Studies have shown that guayule has the remarkable ability to achieve rubber yields with as little 

as 500 mm of applied water per year (2). It has been found that the plant can survive on just a few 

irrigation schedules per year. However, recent research suggests that rubber productivity can be 

further optimized with annual water applications in the range of 700 mm (1, 2). By utilizing 

irrigation simulation models, farmers can accurately determine the water requirements of guayule 

crops at different stages of growth. This knowledge allows for precise irrigation scheduling, 

ensuring that water is applied when the plant needs it the most, thereby maximizing rubber 

productivity while minimizing water usage(4). The use of these models also helps in avoiding 

over-irrigation, which can lead to water wastage, nutrient leaching, and increased production costs. 

By adopting an optimized irrigation strategy based on these simulation models, farmers can not 

only conserve precious water resources but also enhance the economic feasibility of guayule 

cultivation in the desert (6, 7). 



 

12 

Numerous growers in Arizona use flood irrigation. The goal is to encourage them to switch to drip 

systems, either gravity fed or pressure driven systems depending on the quality of the irrigation 

water. However, for all types of drip irrigation systems, clogging is a typical problem. Mineral 

deposits, silt, debris, and algae can readily block the drippers' small channels, which control the 

flow of water. This may result in an uneven distribution of water and disturbance of the flow rate, 

which could lower crop health and irrigation efficiency (8). Regular system flushing or back-

flushing methods can aid in clearing out any collected sediments or particles. Maintenance 

strategies for farmers are important to avoid irrigation problems. 

In this thesis, we will explore the significance of guayule as an alternative crop in the southwestern 

U.S. desert. The water management practices necessary for its successful cultivation, including 

clogging prevention strategies in the drip irrigation systems and providing sufficient nutrients for 

rubber biosynthesis and yield formation, will be examined. Additionally, the potential benefits 

guayule offers to farmers and the region's overall agricultural industry will be discussed. The 

evaluation will also include a comparison of gravity-fed drip systems versus pressure-fed drip 

systems. 
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Chapter 2    Background  

1. Guayule irrigation strategies 

In direct seed cultivation, to facilitate the germination and establishment of the guayule crop, 

irrigation is a must for the initial two weeks following planting. The field is planned to be wetted 

each day, ensuring the necessary moisture for successful germination. The total amount of water 

applied during this period was measured at 284 millimeters especially for summers (2). After 

germination the spray system is removed and flood irrigation is used. The alternative is to install 

drip irrigation immediately, decreasing the amount of water loss during this critical period prior to 

germination and then use the drip throughout the growth period. Drip irrigation systems provide a 

controlled and consistent supply of water to agricultural fields, allowing plants to receive the 

necessary moisture throughout their growth cycle. In case of ratooned guayule, the irrigation cycle 

can be started with a direct drip system. 

There have been three recent studies regarding the irrigation optimization of guayule.  Time zero 

for these studies was after establishment. The research paper by Elshikha et al (1) focused on 

calibrating the WINDS model to simulate evapotranspiration and water content in the soil profile 

for guayule crops under furrow irrigation. Utilizing data from a furrow irrigated two-season 

guayule experiment in Arizona, the study developed segmented curves for guayule basal crop 

coefficient, canopy cover, crop height, and root growth. The calibrated model simulated soil 

moisture content in seven soil layers, demonstrating the effectiveness of the WINDS model in 

accurately representing guayule growth under furrow irrigation conditions. This research provided 

valuable insights into optimizing water use and irrigation strategies for guayule cultivation, 

highlighting the importance of tailored irrigation practices for the growth and development of 

guayule crops utilizing furrow irrigation techniques. 

Another study focused on evaluating the response of guayule, with ratoon-cropping potential, to 

different irrigation treatments (2). This research aimed to assess dry biomass, rubber and resin 

contents, rubber and resin yields, and water productivity of guayule under varying irrigation levels. 

Irrigation treatments for this paper included subsurface drip irrigation at 50%, 75%, and 100% 

replacement of crop evapotranspiration (ETc) and furrow irrigation at 100% ETc replacement. 

Results indicated that dry biomass increased with total water applied, but rubber and resin content 

decreased with higher water levels. The study found that subsurface drip irrigation at 75% ETc 

replacement was most effective in maximizing rubber and resin yields and water productivity for 

both locations and soil types. Ratooned guayule required less water and yielded higher biomass, 

rubber, and resin compared to directly seeded crops (2). 

The  latest study evaluated different deficit irrigation strategies on two guayule cultivars (AZ2 and 

AZ6) grown for 22.5 months in Arizona, with total water applied ranging from 2780 mm (full 

irrigation) to 1084 mm (highest deficit) (41). Dry biomass, rubber yield, and resin yield generally 

increased linearly with increasing irrigation, but a treatment applying every other irrigation of the 

control resulted in statistically equivalent yields to the control with 36% less water applied. Plant 

height and cover fraction were greater at higher irrigation levels and for AZ6 compared to AZ2. 

While percent rubber generally decreased with more irrigation, percent resin did not change 
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significantly. However, AZ2 had higher percent rubber, percent resin, rubber yield, resin yield, 

and water productivity than AZ6. Among the deficit treatments evaluated, applying every other 

irrigation maximized water productivity without yield penalties, offering the best strategy to 

increase guayule water productivity (41). 

     2. Drip Irrigation Systems.  

While there are many other irrigation methods used worldwide, drip irrigation is becoming more 

and more common for crop irrigation. The main advantage of drip irrigation is its high efficiency 

in water use. By delivering water directly to the roots, it minimizes losses due to evaporation or 

deep percolation, resulting in a significant reduction in water consumption compared to traditional 

irrigation methods. In addition to water savings, drip irrigation also promotes high irrigation 

uniformity (10). The system is designed to deliver water uniformly across the field, ensuring that 

all plants receive an equal amount of water. This helps to prevent overwatering in some areas and 

under watering in others, improving crop health and yield. 

Flow through the pipes is designed to have turbulence. The purpose of turbulent flow emitters is 

to create vortices in the flow channel. Since energy dissipates in turbulent eddies rather than in 

tiny diameter tubes or orifices, turbulent flow emitters have the advantage of having a greater 

diameter flow route. Consequently, they are less prone to plug than emitters with laminar flow or 

orifices. 

To design a drip irrigation system, the analysis is carried out using the Darcy-Weisbach equation. 

The Darcy-Weisbach analysis provides information regarding the friction loss (hf). It allows 

calculating the pressure drops that will occur due to frictional effects as water flows through the 

pipe network, including the main lines, submains, and lateral lines leading to the emitters (40). By 

accurately quantifying these friction losses, the analysis guides crucial decisions such as proper 

pipe sizing, emitter selection, and overall system hydraulics to ensure the design can deliver the 

targeted flow rates and pressures throughout the drip system using only the available head. 

Accounting for realistic friction losses is vital for optimizing the energy efficiency and uniform 

water distribution across the field (40, 25). Equation 1 is the Darcy- Weisbach equation, 

ℎ 𝑓 =  
𝐾𝐶𝐿𝑄𝑚

 𝐷2𝑚+𝑛
 ______________________ (1) 

where, K = Friction factor that depends on pipe material and that computed using K = 0.811(f/g) 

  f= friction factor (for turbulent flow), f = 0.32 NR
-0.25 and 

 g is gravitational acceleration (9.81 m/s2) 

L = Length of the pipe, m 

Q = Discharge, l/min 

D = Diameter of pipe, mm and 

C, m and n = Constants  
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The values for the constants C, m, and n are 1.235, 2, and 1 respectively (25) for turbulent flow in 

the pipes for drip systems 

Gravity-driven drip irrigation systems, as the name suggests, rely solely on the force of gravity to 

transport water from an elevated water source to the crop fields. These systems are typically 

simpler in design and require minimal energy input, making them cost-effective and 

environmentally friendly (25).  The capital estimate for an N-Drip system in 2022 was $15,000 

per acre. The water source, such as a reservoir or a water storage tank, is positioned at a higher 

elevation than the fields, allowing the water to flow downward through a network of pipes and 

emitters. 

Accurately quantifying the slope or gradient of the field's surface is crucial for properly designing 

a gravity-fed drip irrigation system. The slope influences the water pressure and flow rates that 

can be achieved through the drip lines. By calculating distinct slope parameters for the topsoil 

layer specifically, the irrigation setup can be optimized to account for potential variations in soil 

properties and topography near the surface.  

For drip irrigation systems to operate efficiently, excellent emitter uniformity is a must. The 

evenness of water output from each dripper or emitter in the system is referred to as emitter 

uniformity. When operating under the same pressure, ideal emitter uniformity means that every 

emitter gives the same flow rate per unit of time (9). In actuality, partial blockage and 

manufacturing flaws cause some variations. Crop yields are lowered by inconsistent irrigation due 

to low emitter uniformity. The main causes of non-uniformity include particulate matter clogging, 

chemical precipitation or algae development, pressure variations caused by friction losses along 

laterals, inadequate system design, and non-uniform emitter manufacturing(2). For high-efficiency 

drip irrigation to continue, outstanding emitter uniformity must be maintained through careful 

monitoring, maintenance, and system design. The emitter uniformity is checked using the equation,  

𝐸𝑈 = 100 (1 −
1.27

√𝑁𝑒
 (𝐶𝑣)) 𝑄𝑚𝑖𝑛/𝑄𝑎𝑣𝑔 _________ (2) 

Where EU = design emission uniformity, % 

Ne = Number of point source emitters per emission point  

Cv = manufacturer’s coefficient of variation from the figure. 

Qmin = Minimum emitter discharge rate in the system, l/h 

Qavg = Average or design emitter discharge rate, l/h. Then to get to know about the pressure 

variation along the pipeline use,  

𝑃𝑑 = 𝑃𝑢 − 𝐾 (ℎ1 ± ∆𝑍)___________ (3) 

Where, Pd, Pu = Pressure at downstream and upstream positions, kPa 

 h1 = Energy loss in the pipe, m   

Where h1 = FH1+M1 
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 F = Constant, f (number of outlets and method used to estimate H1) 

 H1 = Friction loss, m 

 M1 = Minor losses through fitting (generally assumed as 0) 

∆𝑍 = Elevation difference, m 

K = 9.81 

However, the effectiveness of gravity-driven systems is limited by the elevation difference 

between the water source and the crop fields, as well as the distance over which the water needs 

to be transported. Additionally, some spots in these systems may struggle to maintain consistent 

water pressure, particularly in larger or sloping fields, potentially leading to uneven water 

distribution (25). 

Furthermore, to determine the feasibility of implementing gravity-fed drip irrigation systems, it is 

crucial to assess the water quality that will be utilized. This involves conducting various water 

quality tests, such as total solids test, ion chromatography, and total organic carbon tests, to identify 

the composition of the water and any potential contaminants present. Based on the results of these 

tests, it will be possible to determine if supplemental equipment is needed to remove specific 

components from the water before it is used for irrigation. Additionally, understanding the water 

quality will also inform the type of maintenance required for the system and the frequency at which 

it should be performed to ensure optimal performance and longevity. By conducting thorough 

water quality assessments and taking appropriate measures based on the findings, the gravity-fed 

drip irrigation system can be effectively designed and maintained for efficient and sustainable 

water use in agricultural practices. 

In water, total solids consist of suspended and settle able solids in addition to dissolved solids. All 

of the dissolved and suspended organic and inorganic particles found in water are referred to as 

total solids (TS). Arizona is known for its arid climate and scarce water resources, which can 

significantly impact the quality of available water supplies. According to the water quality report 

published by the state, one of the major concerns is the high levels of total dissolved solids (TDS) 

present in many water sources across Arizona (19). TDS refers to the combined content of 

inorganic salts and small amounts of organic matter dissolved in water. These dissolved solids can 

originate from natural sources, such as the weathering of rocks and soil, or from human activities 

like agricultural runoff, industrial effluents, and wastewater discharges (19, 20). The particles of 

calcium, chlorides, nitrate, phosphorus, iron, sulfur, and other ions that pass through a filter with 

holes that are about 2 microns (0.002 cm) in size make up the dissolved solids in stream water. 

The presence of high TDS levels in water can have various implications. Elevated TDS 

concentrations can cause scaling and clogging in household plumbing systems and appliances, 

leading to increased maintenance costs and reduced lifespan of equipment (20). Thus, it's critical 

to monitor and manage TS to ensure that treatment is effective and effluent discharge limitations 

are met. In both natural water bodies and water treatment facilities, TS is a crucial water quality 

indicator that is routinely assessed.  
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The liquid chromatography method known as ion chromatography (IC) is used to separate and 

measure ions according to how they interact with a column that is loaded with resin. It has the 

ability to detect and quantify the amounts of anions (negatively charged ions) and cations 

(positively charged ions) in a liquid sample. A conductivity detector measures the concentrations 

of the separated ions as they come out of the column. An IC chromatogram produced by the 

detector has peaks that represent the various ions' retention periods (29). The ions can be 

recognized by comparing the retention durations to established standards. The quantitative analysis 

is made possible by the peak regions' proportionality to the ion concentrations. 

As the water sample is irrigation water it might contain dissolved mineral salts, such as calcium, 

magnesium, iron, and carbonates, which can precipitate and form scale deposits inside the narrow 

pathways of drip emitters and tubing. Additionally, certain ions like iron and manganese can 

promote the growth of bacterial biofilms, further exacerbating the clogging problem (26). 

TOC analyzers, such as the Shimadzu brand, employ the combustion catalytic oxidation method 

to determine the total organic carbon content in a sample. This method involves the complete 

oxidation of organic compounds present in the sample, converting them into carbon dioxide (CO2). 

The resulting CO2 is then measured using a highly sensitive non-dispersive infrared (NDIR) 

detector, which provides an accurate quantification of the organic carbon content (32). Secondly, 

the instrument acidifies the sample with a strong acid, such as phosphoric acid, to convert the 

inorganic carbon species (carbonates and bicarbonates) into carbon dioxide. This carbon dioxide 

is then measured using the NDIR detector, providing the inorganic carbon concentration. Then the 

inorganic carbon (IC) value is subtracted from the total carbon (TC) value to obtain the total 

organic carbon (TOC) concentration in the sample generally (33). 

This TOC analyzer is used quantify the inorganic carbon present in water samples (32). Inorganic 

carbon refers to the carbon present in the form of carbonates, bicarbonates, and dissolved carbon 

dioxide. This measurement can help in understanding the presence of inorganic carbon that 

possibly reacts with other cations present in the water eventually leading to scale formation and 

corrosion issues. 
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Chapter 3   Materials and Methods 

1. Irrigation Water Sample 

The water sample was collected from the pump that fills water in the open channel. The main 

source of this water is a pond located near the farmland at the Bridgestone Eloy farm in Arizona. 

The open channel transports the pond water to the pumping station, where it is then pumped 

through the irrigation system for distribution across the farm's fields. By collecting the sample 

directly from the pump, it represents the water quality being applied for irrigation purposes after 

being drawn from the pond source through the open channel conveyance system. 

2.  Total Dissolved Solids 

The Total Dissolved Solids (TDS) and Total Suspended Solids (TSS) test for a water sample was 

conducted in the laboratory following a systematic procedure. The water sample was collected and 

filtered through pre-weighed filter papers of 2 μm pore size to separate the suspended solids for 

TSS analysis. The filter paper was dried and weighed to calculate the TSS concentration. The 

conductivity meter is used to measure the TDS in the water sample. The meter is calibrated using 

two calibration standards (concentrated and diluted) and the water sample is tested. The value 

obtained is 810.1 μS/cm, which is then converted to 518.465 mg/L of TDS. These results provide 

valuable information about the quality of the water sample in terms of its dissolved and suspended 

solid content, crucial for assessing water purity and potential sources of contamination (Table 1). 

 

Total Suspended Solids 0.093333 mg/L 

Total Dissolved Solids 518.465 mg/L 

 

Table – 1 Total solids experiment output 

 

3. Ion Chromatography 

The IC was a capillary IC system (ICS-5000; Thermo Fisher Scientific) with two capillary pumps, 

a conductivity detector, a column heater, an AS-AP auto-sampler, two six-port valves, and a 50 L 

sample loop. The EGC-KOH eluent generator created the mobile phase. Using the ACES 300 

suppressor, background conductivity was suppressed. Before the conductivity detector, a CRD 200 

carbon dioxide removal device was placed. Software called Chrome Leon 6.80 was used to gather 

and process chromatographic data. To capture any potential contaminants, an anion trap column 

ATC-HC column (50 × 4 mm ID) was positioned on the water feeding line in this setup (29). The 

standards used are the anion seven standard and cation six standard. The fluoride, chloride, nitrite, 

bromide, nitrate, phosphate, and sulfate are quantified using the anion standard (Fig. 1.7). Whereas 

lithium, sodium, ammonium, potassium, magnesium, and calcium are done with cation standards 

(Fig 1.8). The standards are diluted in 5 serial fold using distilled water and the same goes for 

sample. 
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No.  

Time   

min 

Peak Name Peak Type Area  

μS * min 

 Height 

 μS 

Amount  

ppm 

1 2.29 Fluoride BMB 0.206 2.543 0.4803 

3 2.99 Chloride BM 30.513 318.984 96.3330 

4 3.19 Nitrite M 0.236 1.526 1.2923 

6 4.10 Sulfate M 36.392 272.764 157.5286 

7 4.54 Nitrate Mb 17.823 136.954 97.6420 

TOTAL 85.17 732.77 353.28 

Table 2 – IC anions concentrations 

 

 

 

  

No.  

Time  

min 

Peak Name Peak Type Area 

μS * min 

Height 

 μS 

Amount  

ppm 

3 4.15 K M 34.253 176.944 51.9771 

6 6.63 Mg M 38.595 92. 529 43.1378 

TOTAL 72.85 269.47 95.11 

Table 3 – IC cations concentrations 

4. Total Organic Carbon/Total Inorganic Carbon 

The Shimadzu TOC and TIC analyzers are designed to accurately measure the total carbon content 

in organic and inorganic compounds, providing crucial information for a wide range of 
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applications. These analyzers offer high sensitivity and accuracy, enabling users to obtain precise 

results for TOC and TIC analysis (33). TOC/TIC calibration curve on a Shimadzu analyzer is 

created, by preparing a series of calibration standards from stock solutions of organic (e.g., 

potassium hydrogen phthalate) or inorganic (e.g., sodium carbonate/bicarbonate) carbon 

compounds spanning the desired concentration range. Then analyze the standards from lowest to 

highest concentration, plotting the instrument response against the known concentrations. It is 

verified for better linearity with a correlation coefficient ≥0.995. This is used calibration curve to 

quantify unknown samples by interpolating their response (table 2).  

 

System TOC-TN         

S/W Version 1         

User VARSHAA        

Date/Time ########         

          

[System]          

Instrument 

Options TOC/ASI/IC Unit/TN/     

 

 

          

[Data]          

Type Anal. 

Sample 

Name 

Sample 

ID Result(IC) Unit Vial 

 

Date / Time 

DI IC Untitled Untitled 0 ppm 1   

DI IC Untitled Untitled 0 ppm 1   

Standard IC Untitled Untitled 50 ppm 

2, 3, 

3,3 ,3 

 

 

DI IC Untitled Untitled 0.07352 ppm 6   

W1 IC w1 Untitled 6.673 ppm 4   

W2 IC w2 Untitled 5.187 ppm 5   

         

 

Table 4 - Results obtained from Shimadzu instrument for Inorganic carbon 

5.Visual MinTEQ 

It is a chemical equilibrium modeling software used to calculate the distribution of chemical 

species in aqueous systems. This software is used to obtain the charge balance and saturation index 

for the species present in the water sample. The ions and their concentrations along with water pH 

and temperature values are input in the software to run the analysis. The output values obtained 

from the analysis include the total cations and anions present (Fig 3.1, 3.2 and table 5) in the 

sample including their charge difference. Also this saturation index denotes that the species are 

under saturated (Fig 3.3).  
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Fig 3.1 Output from Visual MinTEQ 
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Table 5 Various Speciation distribution 
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Fig 3.2 Mass distribution table 

 

 

Fig 3.3 Saturation Index 
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6. EPANET Software 

EPANET is a software tool developed by the United States Environmental Protection Agency 

(EPA) for modeling and simulating water distribution systems. It is widely used by water utilities, 

engineers, researchers, and students to analyze the behavior and performance of water distribution 

networks under various conditions (15). https://epanet22.readthedocs.io/en/latest/ 

The primary purpose of EPANET is to assist in the design and operation of water distribution 

systems by allowing users to simulate and evaluate different scenarios. It can model the flow of 

water through pipes, pumps, valves, and storage facilities, taking into account factors such as pipe 

roughness, minor losses, and system controls (15). 

EPANET is widely recognized for its user-friendly interface, comprehensive modeling 

capabilities, and the ability to integrate with other software tools. It is available as a free software 

package and has been adopted by water utilities and engineering firms worldwide, making it a 

valuable tool for the efficient and sustainable management of water distribution systems (15). 

The EPA Net component of the WINDS computer simulation is used to model an automated 

flushing valve system specifically designed for flushing drip irrigation systems to remove clogs. 

This automated flushing valve system combines an emitter and a throttle control valve within the 

EPA Net simulation environment. The emitter represents the inflow of water into the drip system, 

while the throttle control valve allows for precise regulation of the flow rate and pressure during 

the flushing process. 

By integrating these components into the EPA Net simulation, helps in modeling and analyzing 

the performance of the automated flushing valve in terms of its effectiveness in removing clogs 

from the drip irrigation system. This involved simulating different flushing scenarios, such as 

varying the flow rate, pressure, and duration of the flushing cycle, as well as accounting for factors 

like the layout and configuration of the drip system itself. 

 

 

 

 

 

 

 

 

 

 

https://epanet22.readthedocs.io/en/latest/
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Chapter 4    Results and Discussion 

The first step to designing and evaluating a gravity drip irrigation system was to use the WINDS 

software to design a hypothetical 1-hectare irrigation system for the Bridgestone farm in Eloy, 

Arizona. After the basic system layout was completed, EPANET was used to design a maintenance 

or flushing system for the irrigation unit. The water quality was also determined, and acid injection 

and ion exchange pretreatment systems were evaluated. Finally a fertigation plan was incorporated 

into the irrigation system. 

1.WINDS Irrigation Design  

The gravity driven system design consists of eighty 12 mm laterals from a 30 mm main will cover 

the irrigation for a 1 -hectare farm area. The main line has an estimated total head of 15 m. When 

empty, 45 mil (a mil is one-thousandth of an inch) thick wall tubing keeps its cylindrical shape. 

While it comes in a variety of diameters, the 12, 16, and 22 mm ID sizes are commonly used for 

drip laterals in landscaping and agriculture. Emitter flow rates of 0.3 GPH and spacing of up to 0.5 

m are possible using thick wall inline drip tubing. Common interior sizes for thick wall tubing and 

drip tape with built-in emitters are 10 mm. The source of water is a pond from where the water is 

drawn through a canal. The water is then pumped to a tank after the water is treated with one of 

the feasible ways to prevent the clogging agents and gravity-fed to the crop roots (Appendix E a. 

Gravity Fed – Drip Irrigation System Design). 

 

 

 

 

 

 

 

 

 

  Laterals 

 

 Crops 

  Mains 

  Source 

Fig 4.1 Schematic Diagram of the drip system 
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2. Irrigation Maintenance 

Water must be consistently and reliably delivered to crops via emitters, pipelines, and tubing 

systems for irrigation to be effective. Over time, debris, sediment, and mineral deposits can 

accumulate inside irrigation networks, clogging emitters and distributing water unevenly (14,15). 

Crop yields and irrigation efficiency are lowered as a result. By periodically cleansing the system, 

automated flushing valves offer a vital answer to this issue. 

Specially constructed valves known as automated flushing valves (AFVs) are strategically placed 

throughout the irrigation piping network (15). The AFV builds pressure by momentarily stopping 

the main water flow and then rerouting it into a flush line at predetermined intervals, here designed 

using EPANET. The system is cleaned by this pressure, which flushes out accumulated silt and 

debris. The AFV resets itself after a brief period, restoring regular water flow. 

The pressure should be sufficient to clear all the clogging along the pipe. To check the efficiency 

the AFV is attached at three different positions to detect the optimum design to meet the pressure. 

Scheduled, unsupervised flushing during irrigation is made possible by AFVs. They optimize 

system efficiency and lifetime while drastically reducing labor needs when compared to manual 

flushing. Modifiable flush duration and frequency parameters maximize flushing for particular 

water conditions and network architecture. The AFV design considerations, selection variables, 

and performance benefits are discussed here. 

Working Mechanism 

The input pipe that is attached to the drip lines allows water to enter the AFV (Fig 4.2). Water 

enters the upper compartment of the AFV through a tiny ascending route. The remaining amount 

goes directly through to the output. Water presses against a flexible rubber diaphragm on top as it 

fills the upper space. After a predetermined period, the diaphragm stretches until it reaches the exit 

and seals it off, technically called flushing duration (FD). Pressure increases within the valve as a 

result of sealing the outlet. This pushes water through the drain hole to flush out any debris or 

obstructions. The flushing volume (FV) is the volume of water released during this flush (14, 15). 

The flushing volume divided by the amount of time needed to close off the outlet (FV/FD) yields 

the flushing rate (FR). In conclusion, the AFV briefly blocks the outflow and generates enough 

pressure to flush the system using the flexible diaphragm. By doing this, any debris or obstructions 

that can harm the drip irrigation drip lines are removed. 

 

Crops 
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Fig 4.2 Automated Flushing Valve Model (Picture credit - North China University of Water 

Resources and Electric Power) 

 

The automatic flushing valve design technique (AFDM) determines the flushing duration (FD) as 

follows: 

The kind of soil, crop water requirements, and other factors determine the kind of emitters used in 

drip lines and their flow parameters. The amount of flushing required to clean the emitters is 

dependent on the water quality (sediment levels). Leaky water requires longer flushing times (14). 

Based on the emitters used and the quality of the water, experiments calculate the flushing time 

required per unit length of drip line (T), the length of a single drip line (l), and (m) the number of 

drip lines flushing concurrently, are used to compute FD. 

Hence, if T, l, or m increase, FD also does. More flushing time is required for longer, filthy drip 

lines 

𝐹𝐷 = 𝑇 𝑥 𝑙 𝑥 𝑚_____________________ (8) 

The valve opening time (Ha) is correlated with FD. Therefore, the valve can be sized according to 

the intended flushing parameters using the equation that joins FD and Ha (15).  

In conclusion, the AFDM conducts studies to ascertain the amount of time required for flushing 

given emitters and water. 
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Modeling of an AFV system in EPANET:  

An automated flushing valve could be modeled by combining an emitter and throttle control valve 

in EPANET (Fig 4.3). 

 

Fig. 4.3 EPANET AFV Model -1 - AFV at every third line 

 

The emitter are used to model the flow rate of water released during a flushing event. The discharge 

coefficient and pressure exponent could be adjusted to get the desired flow rate (14). The throttle 

control valve could be set up with a control (rule-based) to open and allow flow through the emitter 

on a set flushing schedule (e.g. open every 24 hours for 5 minutes).  

The rule-based control is attached (fig 4.4 and 4.8). The valve and emitter could be placed on a 

small diameter piping branch connected to the main water system piping (15). Additional logic 

could be added to the control rule to flush based on water quality sensors if desired.  

However, this layout analysis wasn’t successful because the design pressure to flush the system 

only reached half the flushing path. So the layout is revised to check the working of the valve fixed 

at each drip line. Then to get an optimized model layout, the valves are connected at every 

alternative line and analyzed. The analysis output is for the optimized layout where AFV is 

attached at every alternative drip line (fig 4.6). The analysis run status and output values are 

obtained (tables 3, 4) 
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Fig. 4.4 Code used to create an Automated Flushing Valve from an emitter and Throttle control 

valve 

 

 

Fig. 4.5 EPANET Model - 2 - AFV at every line 
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Fig 4.6   EPANET Model - 3 - AFV at alternative lines 

 

 

Fig 4.7   EPANET analysis status 

 

 

Fig. 4.8 EPANET rule-based controls feed for AFV at all lines 
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Node ID Demand  Head Pressure Quality 

 GPM ft psi  

Junc 4 0.01 6699.09 8.59 0 

Junc 5 0.01 6699.09 8.59 0 

Junc 6 0.01 6699.09 8.59 0 

Junc 7 0.01 6699.08 8.59 0 

Junc 8 0.01 6699.08 8.59 0 

Junc 9 0.01 6699.08 8.59 0 

Junc 10 0.01 6699.08 8.59 0 

Junc 11 0.01 6699.08 8.59 0 

Junc 12 0.01 6699.07 8.59 0 

Junc 13 0.01 6699.07 8.59 0 

Junc 14 0.01 6699.07 8.59 0 

Junc 15 0.01 6699.07 8.59 0 

Junc 16 0.01 6699.07 8.59 0 

Junc 17 0.01 6699.07 8.59 0 

Junc 18 0.01 6699.06 8.58 0 

Junc 19 0.01 6699.06 8.58 0 

Junc 20 0.01 6699.06 8.58 0 

Junc 21 0.01 6699.06 8.58 0 

Junc 22 0.01 6699.06 8.58 0 

Junc 23 0.01 6699.06 8.58 0 

Junc 24 0.01 6699.06 8.58 0 

Junc 25 0.01 6699.06 8.58 0 

Junc 26 0.01 6699.06 8.58 0 

Junc 27 0.01 6699.06 8.58 0 

Junc 28 0.01 6699.06 8.58 0 

Junc 29 0.01 6699.06 8.58 0 

Junc 30 0.01 6699.06 8.58 0 

Junc 31 0.01 6699.05 8.55 0 

Junc 32 0.01 6699.05 8.55 0 

Junc 33 0.01 6699.05 8.55 0 

Junc 34 0.01 6699.05 8.55 0 

Junc 35 0.01 6699.05 8.55 0 

Junc 36 0.01 6699.05 8.5 0 

Junc 37 0.01 6699.05 8.5 0 

Junc 38 0.01 6699.05 8.5 0 

Junc 39 0.01 6699.06 8.5 0 

Junc 40 0.01 6699.06 8.48 0 

Junc 41 0.01 6699.06 8.48 0 
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Junc 42 0.01 6699.06 8.48 0 

Junc 43 0.01 6699.06 8.48 0 

Junc 44 0.01 6699.06 8.48 0 

Junc 45 0.01 6699.06 8.48 0 

Junc 46 0.01 6699.06 8.48 0 

Junc 47 0.01 6699.06 8.48 0 

Junc 48 0.01 6699.06 8.48 0 

Junc 49 0.01 6699.07 8.48 0 

Junc 50 0.01 6699.07 8.48 0 

Junc 51 0.01 6699.07 8.48 0 

Junc 52 0.01 6699.07 8.48 0 

Junc 53 0.01 6699.07 8.47 0 

Junc 54 0.01 6699.08 8.47 0 

Junc 56 0.01 6699.08 8.47 0 

Junc 58 0.01 6699.08 8.47 0 

Junc 59 0.01 6699.08 8.47 0 

Junc 60 0.2 6699.08 8.42 0 

Junc 61 0.01 6699.08 8.42 0 

Junc 62 0.01 6699.08 8.42 0 

Junc 63 0.01 6699.08 8.42 0 

Junc 64 0.01 6699.07 8.42 0 

Junc 65 0.01 6699.07 8.42 0 

Junc 66 0.01 6699.07 8.42 0 

Junc 67 0.01 6699.07 8.42 0 

Junc 68 0.01 6699.07 8.42 0 

Junc 69 0.01 6699.07 8.4 0 

Junc 70 0.01 6699.06 8.4 0 

Junc 71 0.01 6699.06 8.4 0 

Junc 72 0.01 6699.06 8.4 0 

Junc 73 0.01 6699.06 8.4 0 

Junc 74 0.01 6699.06 8.4 0 

Junc 75 0.01 6699.06 8.4 0 

Junc 76 0.01 6699.06 8.4 0 

Junc 77 0.01 6699.05 8.4 0 

Junc 78 0.01 6699.05 8.4 0 

Junc 79 0.01 6699.05 8.4 0 

Junc 80 0.01 6699.05 8.4 0 

Junc 81 0.01 6699.05 8.39 0 

Junc 82 0.01 6699.05 8.39 0 
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Junc 83 0.01 6699.05 8.39 0 

Junc 84 0.01 6699.05 8.39 0 

Junc 85 0.01 6699.05 8.39 0 

Junc 86 0.01 6699.05 8.39 0 

Junc 87 0.01 6699.05 8.39 0 

Junc 88 0.01 6699.05 8.39 0 

Junc 3 0.2 6699.05 8.39 0 

Junc 93 0.01 6699.05 8.39 0 

Junc 94 0.01 6699.05 8.39 0 

Junc 55 0.01 6699.05 8.39 0 

Junc 90 0.01 6699.05 11.23 0 

Junc 91 0.01 6699.05 11.23 0 

Resvr 1 100 10 0 0 

Tank 2 20 6800 12 0 

     

Table 6 - The nodes output extracted from EPANET software 

 

 

Link ID Flow  Velocity Unit headloss Friction Factor Quality   Status 

 gpm fps ft/Kft     

Pipe 4 0.2 0.8 0.12 0.114 0  Open 

Pipe 5 0.19 0.7 0.1 0.098 0  Open 

Pipe 6 0.19 0.7 0.12 0.132 0  Open 

Pipe 7 0.19 0.7 0.1 0.115 0  Open 

Pipe 8 0.18 0.6 0.12 0.156 0  Open 

Pipe 9 0.18 0.6 0.1 0.136 0  Open 

Pipe 10 0.18 0.6 0.07 0.111 0  Open 

Pipe 11 0.18 0.6 0.1 0.163 0  Open 

Pipe 12 0.18 0.6 0.1 0.18 0  Open 

Pipe 13 0.16 0.6 0.7 0.15 0  Open 

Pipe 14 0.16 0.6 0.7 0.167 0  Open 

Pipe 15 0.16 0.6 0.7 0.188 0  Open 

Pipe 16 0.16 0.5 0.7 0.213 0  Open 

Pipe 17 0.16 0.5 0.7 0.162 0  Open 

Pipe 18 0.16 0.5 0.6 0.279 0  Open 

Pipe 19 0.16 0.5 0.7 0.217 0  Open 

Pipe 20 0.13 0.5 0.7 0.256 0  Open 

Pipe 21 0.13 0.5 0.7 0.319 0  Open 
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Pipe 22 0.13 0.4 0.7 0.357 0  Open 

Pipe 23 0.13 0.4 0.7 0.231 0  Open 

Pipe 24 0.13 0.4 0.7 0.295 0  Open 

Pipe 25 0.13 0.4 0.7 0.78 0  Open 

Pipe 26 0.13 0.3 0.5 0.539 0  Open 

Pipe 27 0.13 0.3 0.6 0.794 0  Open 

Pipe 28 0.13 0.3 0.6 0.51 0  Open 

Pipe 29 0.13 0.3 0.7 0.241 0  Open 

Pipe 31 0.11 0.3 0.6 0.251 0  Open 

Pipe 32 0.11 0.3 0.5 0.107 0  Open 

Pipe 33 0.11 0.3 0.7 0.315 0  Open 

Pipe 34 0.11 0.3 0.7 0.115 0  Open 

Pipe 35 0.11 0.3 0.7 0.772 0  Open 

Pipe 36 0.11 0.3 0.7 0.513 0  Open 

Pipe 37 0.11 0.3 0.7 0.374 0  Open 

Pipe 38 0.11 0.4 0.7 0.569 0  Open 

Pipe 39 0.9 0.4 0.8 0.224 0  Open 

Pipe 40 0.9 0.4 0.7 0.361 0  Open 

Pipe 41 0.9 0.4 0.7 0.298 0  Open 

Pipe 42 0.9 0.4 0.7 0.249 0  Open 

Pipe 43 0.9 0.4 0.7 0.212 0  Open 

Pipe 44 0.9 0.4 0.7 0.274 0  Open 

Pipe 45 0.9 0.5 0.7 0.159 0  Open 

Pipe 46 0.9 0.5 0.5 0.209 0  Open 

Pipe 47 0.7 0.5 0.7 0.185 0  Open 

Pipe 48 0.7 0.5 0.7 0.165 0  Open 

Pipe 49 0.7 0.5 0.7 0.148 0  Open 

Pipe 50 0.7 0.5 0.7 0.178 0  Open 

Pipe 51 0.7 0.5 0.6 0.161 0  Open 

Pipe 52 0.7 0.5 0.6 0.11 0  Open 

Pipe 53 0.7 0.6 0.6 0.134 0  Open 

Pipe 56 0.7 0.6 0.7 0.131 0  Open 

Pipe 57 0.7 0.6 0.6 0.121 0  Open 

Pipe 58 0.7 0.6 0.6 0.133 0  Open 

Pipe 59 0.7 0.6 0.7 0.119 0  Open 

Pipe 60 0.9 0.8 0.7 0.102 0  Open 

Pipe 61 0.9 0.8 0.7 0.138 0  Open 

Pipe 62 0.9 0.8 0.7 0.12 0  Open 

Pipe 63 0.9 0.8 0.5 0.131 0  Open 
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Pipe 64 0.9 0.8 0.5 0.143 0  Open 

Pipe 65 0.9 0.8 0.5 0.157 0  Open 

Pipe 66 0.9 0.7 0.6 0.129 0  Open 

Pipe 67 0.9 0.7 0.7 0.191 0  Open 

Pipe 68 0.9 0.7 0.7 0.16 0  Open 

Pipe 69 0.11 0.7 0.7 0.179 0  Open 

Pipe 70 0.11 0.7 0.7 0.202 0  Open 

Pipe 71 0.11 0.7 0.7 0.153 0  Open 

Pipe 72 0.11 0.6 0.7 0.263 0  Open 

Pipe 73 0.11 0.6 0.7 0.203 0  Open 

Pipe 74 0.11 0.6 0.6 0.238 0  Open 

Pipe 75 0.11 0.6 0.6 0.282 0  Open 

Pipe 76 0.11 0.6 0.6 0.341 0  Open 

Pipe 77 0.11 0.6 0.6 0.42 0  Open 

Pipe 78 0.7 0.6 0.6 0.265 0  Open 

Pipe 79 0.7 0.6 0.6 0.345 0  Open 

Pipe 80 0.7 0.5 0.5 0.466 0  Open 

Pipe 81 0.7 0.5 0.5 0.666 0  Open 

Pipe 82 0.7 0.5 0.5 0.102 0  Open 

Pipe 83 0.7 0.5 0.5 0.179 0  Open 

Pipe 84 0.7 0.5 0.5 0.311 0  Open 

Pipe 85 0.7 0.5 0.5 0.321 0  Open 

Pipe 86 0.7 0.5 0.6 0.154 0  Open 

Pipe 87 0.7 0.5 0.6 0.106 0  Open 

Pipe 88 0.7 0.5 0.6 0.038 0  Open 

Pipe 89 0.5 0.6 0.6 0.344 0  Open 

Pipe 90 0.12 0.6 0.6 0.132 0  Open 

Pipe 93 0.12 0.5 0.6 0.393 0  Open 

Pipe 94 0.12 0.5 0.6 0.386 0  Open 

Pipe 95 0.12 0.5 0.7 0.343 0  Open 

Pump 1 20 1.5 0.9 0.75 0  Open 

Valve 2 0.5 0.8 0.2 0.06 0  Active 

Valve 54 0.99 1.2 0.1 0.15 0  Active 

Valve 92 0.99 1.2 0.2 0.19 0  Active 

 

Table 7 – Link (pipes) output from EPANET software 
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3. Impact of Water Quality 

A summary of the important water quality measurements is found in Table 7. The ion 

chromatography results indicate a significant presence of total dissolved solids (TDS) in the forms 

of chloride, sulfate, and nitrate in the water sample. Additionally, a noticeable concentration of 

potassium and magnesium was observed, potentially posing a hindrance to the efficiency of the 

drip irrigation system. The concentration of carbonates in the water is 6.673 ppm. 

Parameter Value Desired values based on 

USDA and WHO regulations 

for irrigation water 

pH 8.72 6.5 – 8.0 

TDS (mg/L) 0.12 <500 

TSS (mg/L) 0.0933 - 

TIC 6.673 - 

Hardness mg/L as CaCO3) 59.7 <150 

Alkalinity (mg/L as CaCO3) 2317.952 - 

Fluoride, ppm 0.4803 1.5 

Chloride, ppm 96.330 <100 

Nitrite, ppm 1.2923 No MCL 

Sulfate, ppm 157. 5286 <100 

Nitrate, ppm 97.6420 <5 

Potassium, ppm 51.9771 No MCL 

Magnesium, ppm 43.1378 No MCL 

Table 8 - Analysis values 

The treatments were conducted to assess the effectiveness of different methods in reducing or 

eliminating clogging agents in the water before it reaches the drippers. The initial water sample 

being analyzed had a pH of 8.72, with concentrations of inorganic carbon (IC) at 6.673 ppm and 

magnesium (Mg) at 43.137 ppm Sulfates at 157.53ppm, as previously determined. Calculations 

based on these parameters indicated a high total alkalinity of 2317.952 mg/L as CaCO3 for the 

7570 L sample volume. Effective removal of these ions was achieved through the use of chemical 

methods such as ion exchange or acid injection. 

 

4.  Acid Injection 

Acid injection is a proactive method employed to mitigate clogging in drip irrigation systems by 

dissolving and eliminating mineral deposits formed by calcium or magnesium carbonates. This 

process involves injecting diluted acid solutions, typically composed of water and sulfuric or 

hydrochloric acid, into the irrigation lines. The acid solution lowers the pH within the lines, 

preventing carbonate. To inhibit carbonate precipitation in the water sample, the target pH is 

typically lowered to 6.5 (Fig 4.9) by adding sulfuric acid with a normality of 1. 

However, in the present case, the computed volume of acid required to achieve the desired pH 

adjustment was a mere 780 mL (Appendix E b. Acid Injection), an exceptionally small quantity 
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that seems implausible for the large water volume involved. Such a minute acid volume would 

necessitate extensive monitoring and precise control, rendering the process impractical and 

challenging to implement effectively. 

Considering the minimal carbonate concentration in the water, implementing an expensive 

treatment method like acid injection solely for the purpose of removing carbonate to make the 

water suitable for the drip irrigation system would be unwise and economically unjustified. The 

substantial investment in equipment, operational costs, and potential environmental concerns 

associated with handling and disposing of acidic waste streams outweigh the benefits of this 

approach for the given water chemistry. 

 

 

Fig 4.9 Carbonate speciation Graph 
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5. Ion Exchange  

Ion exchange is another water treatment process that selectively removes specific dissolved ions 

from water by exchanging it with other ions of the same charge. This process offers a potential 

solution for addressing issues related to the deposition of ions such as sulfates, chlorides, 

magnesium, and others within the emitters of drip irrigation systems, which can cause clogging 

and operational problems. 

The selection of ions to be removed is a critical step in the ion exchange process and is guided by 

the selectivity factor or coefficient of the particular ion (Figure 4.10). The selectivity factor 

represents the affinity of the ion exchange resin for a specific ion compared to other ions present 

in the water. This factor plays a vital role in ensuring efficient separation and optimizing the resin's 

service life and regeneration process. 

Based on the selectivity factors, the maximum useful capacity of the resin type can be computed, 

allowing for an optimized selection of the most appropriate resin for the targeted ions. In this way, 

a cation exchange resin in used to remove 43.17 ppm of Mg. DOWEX 50W-X8 (Fig 4.11 and 

4.12) exchanges its positively charged ions from a solution with hydrogen ions (H+) attached to 

its sulfonic acid functional groups. Generally represented as R-SO3-H. The ion exchange reaction 

is shown by the following equation: 

 

2(𝑅 − 𝑆𝑂₃⁻𝐻⁺)  +  𝑀𝑔𝐶𝑙₂ →  (𝑅 − 𝑆𝑂₃⁻)₂𝑀𝑔²⁺ +  2𝐻𝐶𝑙______(4) 

where: 

R-SO₃⁻H⁺ represents the resin in its hydrogen form, with the sulfonic acid functional groups 

bearing hydrogen ions. 

MgCl₂ is the magnesium chloride salt present in the water. 

(R-SO₃⁻)₂ Mg²⁺ represents the resin with magnesium ions bound to its sulfonic acid groups after 

the ion exchange process. 

HCl is the hydrochloric acid produced as a byproduct of the reaction. 

Once the service of the column is complete, the resins can be regenerated using Hydrochloric acid 

to replace the Mg²+ ions in the resin with the H+ ions.  The chemical reaction involved in the 

regeneration process is represented as follows: 

 

𝑅 − 𝑆𝑂₃ − 𝑀𝑔2+  +  𝐻𝐶𝐿 →  𝑅 − 𝑆𝑂₃ − 𝐻 +  + 𝑀𝑔𝐶𝑙₂ _______ (5) 

where: 

𝑅 − 𝑆𝑂₃ −  𝑀𝑔2+  Represents the resin with bound cations (Mg ²+) 

HCl is the hydrochloric acid regenerant solution 
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R-SO₃-H+ represents the regenerated resin with hydrogen ions attached to the sulfonic acid groups 

MgCl₂ is the chloride salt formed by the displaced cations 

According to the design configuration, the process removes a total of 987458.28 eq/day of MgCl2 

from the water. The column setup consists of 5 columns including the standby, each with a 

diameter of 1.5m and a volume of 2.65m^3. The service flow rate is 5 Bv/h, and the service time 

is 0.4 hours (Appendix E. c. Ion exchange – Cation removal).  

During the regeneration process, each column requires 15.707 kg (1.45 lbs ) of regenerant and 

0.75 hours for regeneration. In the backwash stage, the flow rate is 15m/hr, and the duration is 10 

minutes. The rinse stage has a flow rate of 35 Bv/h and a duration of 35 minutes. 

The other ion that is considered to be removed by the ion exchange process is sulfates present at a 

concentration of 157.52 ppm. The removal involves anion exchange resin selected by the selection 

factor. The resin used is Amberlite IRA67 (Fig. 4.13 and 4.14). It is a weak base anion exchange 

resin. It is a macroporous styrene resin with tertiary amine functional groups (-N (CH3)2) that can 

exchange anions from the water (27). 

The service cycle reaction: 

 

2𝑅 − 𝑁(𝐶𝐻₃)₂ + 𝑆𝑂₄²− ⇌   (𝑅 − 𝑁(𝐶𝐻₃)₂)2𝑆𝑂₄________ (6) 

 

where: 

R-N (CH₃)₂ represents the free base form of the resin with tertiary amine functional groups. 

SO₄²- represents the sulfate ions present in the water. 

(R-N (CH₃)₂)2SO₄ represents the resin-sulfate complex formed after the ion exchange process. 

Regeneration Cycle: 

(𝑅 − 𝑁(𝐶𝐻₃)₂)2𝑆𝑂₄ +  2𝑁𝑎𝑂𝐻  ⇌   2𝑅 − 𝑁(𝐶𝐻₃)₂ +  𝑁𝑎₂𝑆𝑂₄ +  2𝐻₂𝑂____ (7) 

 

where: 

(R-N (CH₃)₂)2SO₄ represents the resin-sulfate complex before regeneration. 

NaOH is the sodium hydroxide regenerant solution. 

R-N (CH₃)₂ represents the resin being restored to its free base form after regeneration. 

Na₂SO₄ is the sodium sulfate released in the regenerant solution after the exchange. The ion 

exchange process eliminates a total of 2451129.97 eq/day of sulfate from the water. The setup 

comprises of 9 columns, one serving as standby, with a 2 m diameter and a volume of 6.28 m^3 



 

40 

each. The service flow rate is 6 Bv/h, with a service duration of 12 hours. During regeneration, 

each column necessitates 17.18 kg (37.87 lbs) of regenerant and 0.75 hours for the process. The 

backwash phase operates at a flow rate of 15m/hr for 20 minutes, while the rinse stage runs at 5 

Bv/h for 25 minutes (Appendix E. d. Ion exchange – Anion removal). 

While effective in ion removal, the ion exchange process is not recommended for a drip irrigation 

system due to its uneconomical nature. The large footprint required for the setup of multiple 

columns makes it impractical for the agricultural field. Additionally, the long service time, 

regeneration time, and high flow rates during the backwash and rinse stages contribute to increased 

operational costs adding up with the regenerant costs. 

Moreover, the environmental impacts of such a system, including high water consumption and 

chemical usage for regeneration, can be detrimental. The process may not align with sustainable 

practices required for drip irrigation systems, which aim to conserve water and minimize 

environmental harm. 
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Fig. 4.10  Separation factor Tabulation from Mackenzie L. Davis - Water and Wastewater 

Engineering (2010) 
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Fig. 4.11 The selected cation exchange resin - Dowex 50W-X8 

 

 

Fig. 4.12  Dowex 50W-X8 Resin beads 



 

43 

 

 

Fig. 4.13 The selected anion exchange resin - Amberlite IRA67 

 

Fig. 4.14 Amberlite IRA67 Resin beads 
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6. Fertigation 

Fertigation, a combination of fertilization and irrigation, is a modern agricultural practice that has 

gained significant importance in the cultivation of the Guayule plant. The cultivation of Guayule 

involves a two-year cycle until harvest, during which a well-designed fertigation program is 

implemented. The fertilizer suitable for the Guayule fertigation program to supply nitrogen forms 

of nutrients is UAN32, a liquid fertilizer solution containing 32% nitrogen in the form of urea and 

ammonium nitrate. 

The use of UAN32 offers several advantages for Guayule growth. The urea component provides a 

readily available source of nitrogen, ensuring immediate plant uptake and supporting rapid growth. 

Simultaneously, the ammonium nitrate component acts as a slow-release nitrogen source, ensuring 

a prolonged and consistent supply of nitrogen to the plants throughout their growth cycle. 

The fertigation program involves the application of 30 gallons of UAN32 per acre, repeated eight 

times over a two-year period (Appendix E f. Fertigation). These applications are primarily carried 

out during the summer months, coinciding with the irrigation schedule to facilitate efficient 

nutrient delivery. Moreover, fertigation will enable growers to exercise precise control over the 

timing and quantity of fertilizer application, allowing them to adjust the nutrient supply according 

to the specific growth stages and requirements of the Guayule crop.  
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7. WINDS Irrigation - Pressure Driven System 

The gravity-fed system did not meet the standard to deliver water precisely in the field and requires 

expensive pretreatment process to prevent the emitters from clogging. This leads to design a 

pressurized drip system ensuring efficient water distribution, allowing for precise control over 

water delivery to each crop. This is less prone to clogging due to the force of the water that helps 

to flush out any potential blockages in the system.  

Pressure-driven drip irrigation systems can accommodate uneven farm terrain and layout in Eloy.  

It is easily integrated with fertigation systems, allowing for the precise application of fertilizers 

(23). Also, operations are carried out flawlessly using automated controllers and timers, allowing 

for accurate scheduling and management of irrigation cycles (21). 

The pressure driven drip system designed for 1 hectare land is proposed to have 4485 emitters and 

820 for each 55 numbers of laterals running for a span of 820 ft. With an emitter uniformity 0.86 

greater than 0.80 the requirement from the manufacturer specification. The manifold pipe line 

connects the laterals in numbers of 11 to the main line. The length of the manifold is calculated to 

be 1100 ft. carrying 993 GPH in a 2” diameter pipe (Appendix E g. Pressure Fed – Drip Irrigation 

System Design).  

The main line has a flow rate of 1985 GPH through a 4” diameter pipe running for 820 ft. from 

the filtration tank is the only pretreatment step required to remove particulate matters. The water 

from the open channel is pumped at a rate of 1750 GPM @ 160 ft TDH using DV 200c Pump. 

Other miscellaneous pipe fittings like pressure regulators, air vents at high points, flow meters, 

pressure gauges and black preventers are needed as per requirement.  

The filtration tank is made of sand media 14” x 48”.This provides a physical barrier against 

particulate matter, effectively removing silt, and other debris from the water before it enters the 

drip lines. This mechanical filtration process is highly effective and does not rely on chemical 

treatments, making it a more environmentally friendly option. 

These filters portray a vast supremacy over any other treatment methods discussed. These 

advantages include effective physical filtration, minimal maintenance requirements, operational 

simplicity, versatility, and comprehensive protection against various clogging agents. 

For flushing, it is recommended to flush the whole system before and after every fertigation 

process. During other irrigation schedules, it is important to clean the system at 4- 6 weeks 

intervals.  
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Chapter 5     Future Scope 

The project will look forward in integrating sensors, controllers, and remote monitoring systems 

to optimize irrigation scheduling based on real-time weather conditions, and crop water 

requirements. Additionally, cost-benefit analysis will be conducted and environmental impact 

assessment will evaluate the long-term sustainability and scalability of the pressure-driven drip 

irrigation system. Furthermore, exploring the feasibility of powering the system with renewable 

energy sources like solar or wind power might also fall under this vision. 
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Appendix A – Bridgestone farm, Eloy 

 

A 1.1 Guayule Drip Irrigation setup 
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Appendix B – Study References 

 

B 1.2 AZMET – June month - Summary 
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B 1.3 Geological water survey Report 
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B 1.4   Gila Bend - Water quality test report 

 

B 1.5  Line source drip lines 
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B 1.6  Emitter 
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Appendix – C – Analysis Report  

 

C 1.7  IC anion peak Integration graph for the water sample 
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C 1.8 IC cation peak Integration graph for the water sample 
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Appendix D – Manufacturer Specifications 

 

D 1.9 Inline Emitters 

 

D 1.10 Emitter Uniformity Tabulation from Manufacturer’s Specification 

 

D 1.11 Coefficient of Variation of inline emitter pipe from Manufacturer’s specification 
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D 1.12 UAN 32 fertilizer product data sheet 
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Appendix E – Design Outputs  

a. Gravity Fed - Drip Irrigation System Design     

    

Crop Guayule           

Spacing  0.75 x 0.5 m        

Area 1 ha 107600 sq.ft  100 x 100 m     

Slope 0.35 %     (Roughly)     

Water source  Pond           

Static Head 15 m  0.075        

ET crop 12 mm/day From WINDS Models emulation of Guayule Irrigation 

        

            

Assuming Soil Characteristics         

   

Clay Soil            

Field Capacity 48 %          

Wilting point  25 %          

Bulk density  1.3 g/cm³          

Effective root Zone Depth  60 cm        

  

     3.6       

Wetted area 10 %          

Max. Pump Discharge  0.75 gps        

  

            

Volume of water to be applied         

   

Volume  Area x Depth         

 0.45 m³          
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Number of Emitters per plant          

  

No. of emitters per plant is to be selected based on the layout     

       

Say, one emitter per plant (0.1 g/h)         

   

            

Irrigation Time             

Irrigation Time  Volume/Discharge rate       

    

 4.50 hrs. 270 min        

            

Number of Emitters per lateral         

   

Length of the field  100 m          

            

Assuming the submain is laid at the center of layout, hence later length     

  50 m     

Emitter spacing on lateral   Plant spacing   0.5 m    

   

No. emitters per lateral  100 no’s       

  

            

Discharge through one lateral          

  

Q lateral 10 g/h 0.166666667 gpm 37.8541 l/h    

  

            

Number of lateral per manifold         

   

Pump Discharge 0.6 gps          

 2160 g/hr 36 gpm        
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No. of lateral that can be operated         

   

 216 say 220 nos of lateral will have the required pressure after all the frictionloss.

        

Breadth of the field 100 m          

No. of laterals along the breadth depend on row spacing      

      

Distance between two laterals  1 m       

  

 Say 1.25 m to give enough space for the crop     

   

Number of lateral on one side  80 no’s       

  

Total number of laterals (both sides)  160       

   

Number of Sub mains 0.727272727 Say  2 for uniformity in layout   

     

Number of laterals per manifold  80 no.s Say 80    

   

            

Size of lateral            

           

Let us assume a lateral of 12mm diameter        

    

V Q/A           

A 113.0973355 mm² 0.000113097 m²        

Q 37854.1 cu.m/hr 630901.6667 l/min      

  

V 92973.2582 m/s          

            

Nr ρvD/μ           

 1115679098 > 4000         
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Flow is turbulent            

Compute f             

f 0.001750915           

K 0.000144749           

            

            

Take corrected L  50 m          

H1 18.617007 m          

h1 FH1+M1           

 0.032596804 Less than 0.5% of static head   7.5 m   

   

            

Size of Submains            

Q submain Q lateral  x No. of lateral per submain     

    

 800 g/hr 3028.328 l/hr 50.47213333 l/min      

 13.33333333 gpm 3.028328 m3/hr        

Manifold Design            

Assume Manifold Diameter  28 mm 0.028 m     

  

V Q/A           

V 1.366137671 m/s          

A 0.000615752 sq.m          

            

Nr 38251.8548 > 4000         

Flow Turbulent Flow            

f 0.022881624           

k 0.001891641           
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L 50 m          

H1 6.17491E-07 m          

h1 2.08712E-07 m Less than 0.5% of static head   7.5  m 

   

            

Head at inlet  of manifold  H emitter +H lateral+H slope+ H manifold   

       

 0.207597012 m          

            

Size of Main            

Length of main 100 m from well location      

   

Q main 1600 g/hr 6056.656 l/hr 100.9442667 l/min      

   6.056656 m3/hr 6.056656 m^3/sec    

  

Assume main diameter 30 mm 0.03 m      

  

V Q/A           

V 2.38011541 m/s          

A 0.000706858 sq.m          

            

Nr 71403.4623 > 4000  Turbulent       

f 0.019575829           

K 0.001618348           

            

H1 8.381E-05 m          

h1 2.83278E-05 m Less than 0.5% of static head   7.5  m 

   

            

Total Head            
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Total Head Head manifold inlet+ H main+ H static + H local     

      

 15.00002854 m          

            

The pipe will in the line source with in-line orifice       

     

Material  Polyethylene           

Manufacturer's coefficient of variation Cv    is maintained below  0.1

 for better usage of the pipe lines. As per ASAE recommendation    

  

             

         

Emitter Uniformity             

            

Q 0.1 g/h 0.378541 l/hr 1.3627476 m3/s      

Cv 0.1           

Q min - field 0.075 g/hr 0.28390575 l/hr        

            

EU 74.0475 % okay         

             

     

Pressure Variation along the pipeline         

            

K 9.81           

Δz 0.35 m   0.35       

h1 18.62 m          

Pu 45 psi          

Pd -134.20 psi          

 Gravity fed           
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b. Acid Injection 

 

pH of water  8.72   

     

Total Alkalinity      

IC 6.673 ppm   

Mg 43.137 ppm   

     

TA 333.65 + 1984.302  

2317.952 mg/L of CaCO3   

     

Acid required (mL)  TA (mg/L as CaCO3) x Volume of Water (L) x (10^-pH t - 10^-pH 

0)/ Acid Normality x 50000   

     

pH 0 8.72    

pH t 6.5    

Volume of water  7570 L water distributed per hour 

Acid Normality  1 N Sulfuric Acid 

     

Acid Required  0.000110308 mL  
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c. Ion Exchange – Cation Exchange 

 

Desired softness of water   100 mg/L CaCO3   

Q  44.815914 m^3/sec    

Temperature   20 C    

Softening   100 mg/L     

Column Diameter  1.5 m bases on manufacturer spec.   

Regeneration   HCl     

Resin type  SAC Dowex 50W-X8     

        

Manufacturer's data about the resin       

Softening Capacity   250 Kg/m3    

Capacity   1.5 eq/L     

Leakage  1 % of untreated water hardness    

Maximum Diameter  1.5 m    

Bed Depth   1 m    

Backwash bad Expansion   >50%     

       

Recommended Operating Conditions       

Operation  Rate Solution  Time in min.    

Service Flow rate  1- 6 Bv/h Water      

Backwash   Water  5 to 15    

Regenation 1- 10  Bv/h 4 - 8% HCl 45 to 75    

Rinse 8 - 40 Bv/h Water  10 to 40    

       

       

Convert Mg to meq/L       

Concentration   357.7709451 mg/L  CaCO3   
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Co 7.155418902 meq/L     

       

Ceff. 2 meq/L     

       

Compute the Mg in the effluent from the ion exchange column due to leakage    

    

       

C leakage  0.071554189 meq/L     

C desired 2 meq/L     

       

Compute the bypass flow rate to achieve the desired hardness level   

    

     

   Assumptions at the connection of the Q bypass and Q treated   

  

       

   1. CSTR    

   2. No reaction occurs    

   3. Steady state    
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Q total = Q treat + Q bypass   

       

Q treat x     C leakage  + Q bypass x C bypass  = Q total x C desired  

       

Q bypass  = f(Q total)     

Q treat = (1 -f) Q total     

       

f = 0.964 96.4 %   

       

Q Bypass = 43.2025411 m^3/sec    

Q treat = 1.613372904 m^3/sec    

       

Total Mg to be removed each day       

 = 987458289 meq/day of hardness   

  987458.2892 eq/day of hardness   

       

Total Resin capacity   = 1.5 eq/L    

Reduce by 15 % for nonideality       

Operating Resin Capacity  = 1.275 eq/L    

       

       

Bed Depth       

As per specification not < 0.75m       

       

Service flow rate        

 = 5 Bv/h m^3/m^3.h   
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Cross Sectional Area per column        

 = 1.767145868 m²    

       

Maximum Diameter   1.5 m    

Volume of column        

 = 2.650718801 m³    

       

Total volume required       

 Total flowrate   = 1161.628491 m  

 Loading Rate      

       

       

No. of Columns Required       

 Volume required  = 4.382315054   

 Volume of 1 column      

  Say  5 with 1 standby   

       

       

Exchange capacity of each column        

  = 3379.666472 eq   

   3379666 meq   

       

Service time of the column        

 Column Capacity X  No. of columns       

 Total Hardness to remove per day      

  = 0.017112958 day   

   0.410710995 hr   
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Total weight of Regenerant required per column     From Man. Specs 

  

 = 0.6626797 kg =        1.45 lbs   

       

       

Total weight of solution        

Assume 10 % HCl solution        

 = 6.626797004 kg =   14.607 lbs   

       

Volume of the salt required '       

Sp. Gravity of the salt  1.18     

 = 0.00561593 m³ Salt Solution   

       

       

       

Regenartion time   atleast 0.5 hr  So take 0.75 hr 

Starting Q 4 Bv/h 0.003721563 h   

Reduced Q  3 Bv/h 0.004962083 h   

       

Backwash flow rate        

Temperature   20 C    

 = 15 m/h    

Backwash Duration       

 = 10 min    

       

Rinse rate and time        

 From Table       

 At  35 Bv/h  for  35 min 
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Total Time       

Operation time + Regenration time + Rinse Time +Backwashing time (in hr)   

    

0.410710995 + 0.75 + 0.583333333 + 0.166666667 

= 1.910710995 hr     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

69 

d. Ion Exchange – Anion Exchange 

 

Desired softness of water   100 mg/L CaCO3    

Q  44.815914 m^3/sec  2 SETUPS   

Temperature   20 C     

Softening   100 mg/L      

Column Diameter  2 m bases on manufacturer spec.    

Regeneration   NaOH      

Resin type  WBA Amberlite IRA-67      

        

Manufacturer's data about the resin        

Softening Capacity   250 Kg/m3     

capacity   1.25 eq/L      

Leakage  0.1 % of   untreated water hardness     

Maximum Diameter  1.5 m     

Bed Depth   1.25 m     

Backwash bad Expansion   >50%      

        

Recommended Operating Conditions        

Operation  Rate Solution  Time in min.     

Service Flow rate  2-8 Bv/h Water       

Backwash   Water  10 to 30     

Regenation 0.5 -2  Bv/h 4 - 8% NaOH 45 to 75     

Rinse 2-5 Bv/h Water  10 to 30     

       ` 

Convert sulfate to meq/L        

Concentration   164.15 mg/L  CaCO3    

Co 3.283 meq/L      
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Ceff. 2 meq/L      

        

Compute the SO42 in the effluent from the ion exchange column due to leakage    

     

        

C leakage  0.003283 meq/L      

C desired 2 meq/L      

        

Compute the bypass flow rate to achieve the desired hardness level     

   

        

      

   Assumptions at the connection of the Q bypass and Q treated   

   

        

   1. CSTR     

   2. No reaction occurs     

   3. Steady state     
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Q total = Q treat + Q bypass    

        

Q treat x     C leakage  + Q bypass x C bypass  = Q total x C desired   

        

Q bypass  = f(Q total)      

Q treat = (1 -f) Q total      

        

f = 0.135 13.5 %    

        

Q Bypass = 13.5 mg/L     

Q treat = 86.5 mg/L     

        

Total Sulfate to be removed each day        

 = 24511292971.20 meq/day of hardness    

  24511292.97 eq/day of hardness    

        

Total Resin capacity   = 250 Kg/m3    

Reduce by 15 % for nonideality        

Operating Resin Capacity  = 212.5 Kg/m3    

        

        

Bed Depth        

As per specification not < 0.75m        

        

Service flow rate         

 = 6 Bv/h m^3/m^3.h    
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Cross Sectional Area per column         

 = 3.141592654 m²     

        

Maximum Diameter   2 m     

Volume of column         

 = 6.283185307 m³     

        

Total volume required        

 Total flowrate   = 51.9 m   

 Loading Rate       

        

        

No. of Columns Required        

 Volume required  = 8.260141546    

 Volume of 1 column       

  Say  9  1 is standby    

        

        

Exchange capacity of each column         

  = 1335176.878 eq    

   1335176878 meq    

        

Service time of the column         

 Column Capacity X  No. of columns        

 Total Hardness to remove per day       

  = 0.490247165 day    

   11.76593197 hr    
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Total weight of Regenerant required per column     From Man. Specs 

   

 = 17.0796327 kg  =  37.87   lbs     

        

        

Volume of the salt required '        

Sp. Gravity of the salt  1.18      

 = 0.133118333 m³     

        

        

        

Regenartion time   atleast 0.5 hr  So take 0.75 hr  

Starting Q 2 Bv/h 0.418203576 h    

Reduced Q  1.5 Bv/h 0.557604768 h    

        

Backwash flow rate         

Temperature   20 C     

 = 15 m/h     

Backwash Duration        

 = 20 min     

        

Rinse rate and time         

 From Table        

 At  5 Bv/h  for  25 min  

        

Total Time        

Operation time + Regenration time + Rinse Time +Backwashing time (in hr)   

     

11.76593197 + 0.75 + 0.416666667 + 0.333333333  
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= 13.26593197 hr      
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e. Fertigation 

Area to irrigate  1 ha     

  2.469135802 acre      Conversion   

UAN 32 supplied for each stage  30 gallons/acre  1 acre=0.405hec 

Total UAN 32  74.07407407 gallons     

  UAN 32                    1 hec =2.469135802ac 

 Stages                Nitrogen       

 (Months) Required (gallons/acre)      

 April    30      

 May   30      

 June   30      

 July   30      

 April   30      

 May   30      

 June   30      

 July   30      
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f. Pressure Driven Drip Irrigation System       

       

Area to be irrigated  1 Hectare 107640 sq. ft  

Crop Water Requirement    0.11 GPD   

Minimum allowable pressure variation     20 % Assumed 

Minimum operating pressure for drip emitters       

   7.5 psi   

maximum operating pressure for drip emitters   10 psi   

       

Emitter flow rate   0.11 GPH    

Emitter spacing  12 in 1 ft  

Emitter device type  Inline non- pressure compensating     

Target distribution uniformity    >0.80    

Tubing inner diameter  0.875 in    

Tubing wall thickness  13 mil 0.013 in  

Tubing outer diameter  0.901 in    

Control Valve pressure setting   12 psi    

       

Row Spacing   40 in    

       

Calculate the total water requirement        

Total Water requirement    Area x Crop water requirement  

 = 11840.4 gallons per day     

       

LATERAL LINE DESIGN:       

Emitter flow variation = 20% of 7.5 psi operating pressure        

Flow variation   1.5 psi    

From Manufacturer Data       
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Lateral Length available   820 ft 9840 in  

Use 820 ft lateral lines with emitters at 12 in spacing       

       

Number of lateral   Total emitters/ emitters per lateral     

Total emitters  4485 emitters    

Emitters/lateral  820 no.s    

No. of laterals  54.69512195 Say  55   

        

Emission uniformity       

Emitter flow rate  0.11 GPH    

Flow variation along 820 ft lateral with 0.11 GPH emitters is 15%     

  

EU  1 - (1.27 * Q var/ Q avg) X Cv     

  0.861454545     

EU  0.861454545 >0.80 requirement    

       

MANIFOLD DESIGN       

55 laterals divided into 5 of 11 laterals each       

Manifold pipe length   1100 ft    

       

Flow   992.2 GPH    

Manifold pipe diameter   for 993 GPH  2 in   

       

MAIN LINE DESIGN        

Flow rate   1984.4 GPH    

Main line diameter  4 in    

Main pipeline length  820 ft    

       

Miscellaneous Informations:       
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Filter type Sand Media 14 x 48 in high    

Filter GPM/ tank  237     

Pump Flow (GPM)  1750     

Pump Total Dynamic Head (FT)       

  106     

Pump Horsepower  60     

       

Others Components        

1. Pressure regulators / Sustaining Valves       

2. Air Vents at High points       

3. Flow meters, pressure gauges, backflow preventers if needed     
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