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Abstract

Drip irrigation is a means of distributing the exact amount of water a plant needs by
dripping water directly onto the root zone. It can produce up to 90% more crops than
rainfed irrigation, and reduce water consumption by 70% compared to conventional
flood irrigation. In the coming years, the demand for new, low-cost, low-power drip
irrigation technology will continue to grow, particularly in developing countries. It
will enable millions of poor farmers to rise out of poverty by growing more and higher
value crops, while not contributing to overconsumption of water. The key inhibitor to
drip adoption has been the high initial investment cost. A cost and pressure analysis
revealed that a reduction in activation pressure of pressure compensating (PC) drip
emitters — which can maintain a constant flow rate under variations in pressure, to
ensure uniform water distribution on a field — can reduce the cost of off-grid drip
systems by up to 50%. These emitter have been designed and optimized empirically
in the past. In this thesis, I present a parametric model that describes the fluid
and solid mechanics that govern the behavior of a common PC emitter architecture,
which uses a flexible diaphragm to limit flow. The model was validated by testing nine
prototypes with geometric variations, all of which matched predicted performance to
within R? = 0.85. This parametric model was then coupled with a genetic algorithm
to achieve a lower activation pressure of 0.15 bar for not only the 8.2 Iph emitter, but
also the 4, 6, 7 Iph emitters. These new drip emitters, with attributes that improve
performance and lower cost, are a step closer to making drip irrigation economically
accessible to all throughout the world.
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Chapter 1

Introduction

The overall aim of this research is to design a low-cost, low-pressure, energy efficient
off-grid drip irrigation system that is economically viable for small-holding farmers.
This section includes the motivation for the focus of this project in terms of water
scarcity, food production and security and poverty alleviation. It then presents why
drip irrigation is considered to be a solution for sustainable agriculture development.
The advantages and disadvantages of drip irrigation, and reasons for its poor adoption,
are included.

India is the country in focus for this thesis, but it doesn’t limit the impact that

technological improvements in drip irrigation will have throughout the world.

1.1 Smallholder Farmers and their role in Water,

Food and Economic Security

1.1.1 Food/Agriculture

There are 267 million inhabitants in India who are economically active in agriculture.
This accounts for 55% of the economically active population, which is 22% of the
total population [1]. If economically dependents are considered, agriculture supports
55% of India’s population. Smallholder farmers (own/cultivate less than 2 ha) con-

stitute 78% of the country’s farmers [4]. They utilize 33% of the cultivated land and

17



contribute 41% to the nation’s grain production and over half of India’ s fruits and
vegetables. These statistics indicate the high dependence on smallholder farmers to
India’s food and economic security. The dependence on smallholder farmers is even
more important as the trend in India is land fragmentation and more farmers are
fragmenting into the small and marginal category [5]. Agriculture contributes to 17%
of India’s GDP [1]. But the rate of growth in the sector has been steadily declining
from 5% in 2011 to 1.1% in 2015, and this has been stated as the reason for the
plateauing in the economic growth rate of India [6].

The median population in India has been estimated to reach 1.5 billion by 2025, an
increase of 200 million since 2016 [7]. Food shortage might be augmented by transition
in diet from grain, tuber and roots staple to more meats, fruits and vegetables, which
require more irrigated water.

Numerous studies have shown a positive relationship between growth in agricul-
ture and poverty reduction. In a cross-country study on the links between agricultural
yields and poverty, it was concluded that a 10% increase in yields resulted in 5- 7%
reduction in poverty [8,9]. Agriculture’s potential to reduce poverty exceeds non-
agricultural activities; more than half the reduction in poverty achieved in developing
countries is attributed to growth in agricultural incomes [10].

Despite their importance in national and regional food production, smallholder
farmers comprise the majority of India’s undernourished population and most of
those living in absolute poverty [11]. Investments and advancements in agriculture is

extremely important for both food security and economic growth.

1.1.2 Water

Of India’s 66 million ha of cultivated land, 39% is dependent on powered irrigation
(only 1.6% of which is drip irrigated) [1]. Due to inadequate water for flood irrigation
and lack of rainfall, 2014-2015 was a poor year leading to a large number of crop
failures and a 5.3% drop in overall grain production.

India is also the largest groundwater user in the world, with an estimated usage of

around 230 cubic kilometers per year [1]. Groundwater is vital for poverty reduction
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and economic growth in India, with a large fraction of the population relying on the
resource directly or indirectly for livelihoods. Eighty percent of water withdrawal in
India is used for agriculture and on average 63% of that comes from groundwater
sources [1]. Other estimates are higher and indicate that 69% of kharif (monsoon
crops) and 76% of rabi (winter crops) irrigated areas depend on groundwater [12].

Although on average India has around 430 cubic kilometers of annual replenish-
able groundwater resources, this average masks the large number of water stressed
locations across the country, which Figure 1-1 shows graphically. On average 54% of
groundwater blocks in India are over- exploited (more consumption than replenish-
ment), for example in Gujarat, Haryana, Maharashtra, Punjab- 'the bread basket of
India’- 75%, Rajasthan- 60%, Karnataka- 40% and Tamil Nadu- 40% of the groundwa-
ter blocks are over- exploited. The situation is deteriorating at a rapid pace. Between
1995 and 2004, the proportion of overexploited blocks nationwide tripled from 5 to
15 percent [12].

[ Baremely High (>60%)
1 Arid & Low Water Use

Figure 1-1: Water Stress Index (1]
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About 15% of India’s food produced in 2005 was dependent on unsustainable
groundwater and that number is only increasing [13]. Overall, 25% of grain harvests
have been estimated to be at risk due to groundwater depletion [14]. In the wells tested
by the India Water Tool, 54% of wells showed dropped levels for seven years, with
16% declining by more than 1m/year. The most vulnerable state is Punjab. Farmers
reliant on a given groundwater body result in a spiraling cycle of well deepening or
redrilling and the purchase of new pump sets. This has serious social implications
for the poorest, who can no longer afford such action and hence risk exclusion from
irrigating their land [15].

Agriculture, being a sector that affects national food security, water security, GDP
and farmer livelihoods (267 million farmers and their families), needs investment in
advancements. Due to the upcoming water stresses and demand for more food, "more
crop per drop" is a necessity. Drip irrigation is a suitable technology for this. Drip
irrigation alone has an aggregate potential to increase revenues for India’s farmers by
approximately $30 billion annually if the full potential of 26 million hectares under

flood irrigation in India is converted to drip [16].

1.1.3 Energy

In 2005, the government of India launched the RGGVY scheme to electrify 100% of
rural India. In a report, 10 years later only 53% of rural India was electrified. In some
states, spectacular progress was made while in others nothing was achieved; Andhra
Pradesh (98%), Gujarat (97%), Assam (93%), West Bengal (90%), Tamil Nadu (89%)
and Bihar (85%) whereas Haryana (8%), Rajasthan (27%), Odisha (34%), Karnataka
(38%), and Himachal Pradesh (29%) [17]. Electricity in Gujarat and Karnataka is
rationed and available for 6 hour/day whereas in Bihar it is available for less than
3 hour/day. Also India has 26 million groundwater pumps on farms, mainly diesel
powered that suffer from volatile fuel costs [18].

Drip irrigation can be used to watered a farm within the available 3 hours of
rationed electricity where with other irrigation techniques it is impossible. Also 47%

of India being off- grid shows a serious need for off- grid drip irrigation solutions.
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1.1.4 Policy and Subsidy

Subsidies currently play a major role in the adoption of drip irrigation in India. The
national government provided 50% subsidy for micro-irrigation under the National
Misison of Micro-Irriagtion (NMMI) which was recently extended as the Pradhan
Mantri Krishi Sinchai Yojana (PMKSY) in 2016 [19]. Additional subsidies are pro-
vided by various states at the state level. In AP through the APMIP, lower caste
small farmers got an additional 50% subsidy whereas the other small farmers got 40%
and other farmers got no additional state subsidy [20]. Government of Tamil Nadu,
provides small farmers with an additional subsidy of 50% and others get 25% [21].
Government of Punjab provides a flat 25% additional subsidy to all farmers up to an
area of 5 ha per beneficiary [22]. In Gujarat, The Gujarat Green Revolution Com-
pany (GGRQC) is responsible for subsidy distribution. It provides an additional 20%
to small farmers, 10% to others and 35% to lower caste farmer’s up to a cost limit [23].

Despite the availability of high subsidies, less than 0.1% farmers receive these
annually and subsidies only end up going to farmers with political connections. Hence
a low-cost drip system is essential to make drip irrigation economically accessible

without the reliance on subsidies.

1.2 Motivation for Drip Irrigation

Droughts, climate change, erratic rainfall, diminishing groundwater, limited and er-
ratic power supply coupled with poverty have compelled farmers to look for a tech-
nology that would enable them to irrigate their crops within these constraints. A

low-cost conventional drip system is required.

1.2.1 Advantages of Drip Irrigation

The commonly stated advantages of drip irrigation are: Drip irrigation, compared to
rain fed and flood irrigation, can increase yields by 20-90% depending on crop type,

save water consumption per acre by 30-70%, reduce fertilizer usage per acre by up to
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40%. Drip irrigation also allows the farmers to grow water sensitive cash crops such

as floriculture and horticulture crops [24-27].

In areas like north Gujarat and Kolar where water is actually bought at a price
from a neighboring well (ranging from Rs.1.5/m3 to Rs.2.5/m? in north Gujarat to
Rs.6/m® in Kolar) [28], water savings have such a huge impact that these areas were

early adopters of drip irrigation.

Other advantages include labor savings, less weeding and pests . Drip irrigation

can also be used with saline water [28].

In India electricity is usually rationed and is provided for a short duration. Hence
with flood irrigation, a portion of the land has to be left fallow as the duration of
energy is insufficient to irrigate the complete area but this issue is resolved with drip
as all the land receives approximately equal water at all times. In some hard rock
areas such as Maharashtra, MP, AP and Karnataka especially in Kolar, the dug tube
wells have poor yields. The farmer needs to discontinue irrigation every hour for
2-3 hours for the well to recuperate hence reducing the command area that can be
covered with flood irrigation due to electric rationing. With drip and its significant
water savings, the command area is increased, hence increasing capacity and yields
for smallholder farmers [29]. Table 1.1 presents the advantages concisely in a tabular

form.

1.2.2 Disadvantages of Drip Irrigation

The commonly stated disadvantage of drip irrigation is the constant clogging issue in
emitters where water is hard and irrigation management is poor. Also drip irrigation
is not robust to allow for crop changes as it is designed and optimized for one cropping
pattern. Other issues are rodents eating through the pipes, hooves breaking pipes,

and over-pressurization leading to bursting pipes.
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Table 1.1: Advantages of drip irrigation

Production and Socio- Economic benefits

Water savings of 30-70% compared to flood irrigation.

Yield increases of 20-90% compared to flood and rain- fed irrigation.
Ability to grow water sensitive crops

40% savings in fertiliser usage

Less weeding required

Lower labour requirement

Less pesticide usage

Greater irrigated area with same amount of water

Uniformity of water distribution on sloping land

Socio- Cultural benefits

Poverty reduction

Drip irrigation confers the image of a progressive farmer
Ecological benefits

Improved water use efficiency - lowers groundwater exploitation
Less pesticide usage

1.2.3 Lack of Drip Adoption

Despite the advantages of drip irrigation and its potential in economic benefit for
smallholder and water saving potential, drip has not been a commercial success in
India. Drip irrigation in India accounts for 1.6% of the irrigated land, significantly

lower than the 21% in the USA and 80% in Israel [30].

The constraints to adoption of drip irrigation can be classified into physical, agro-
nomical, socio-economic, financial, institutional-pricing, subsidies and policy related.
These also provide adequate explanation for the high levels of adoption in other parts

of the world.

In terms of financial reasons, a drip irrigation system costs $1000 an acre and an
additional $3000 for solar if the water comes from a surface source (41% of irrigated
land). The capital investment is too large for most farmers to afford and others to
consider. Even huge subsidies (50% national level to additional state subsidies of up to
40%) is only making it accessible for few farmers. The lack of a financial institution to

support farmers during this high risk investment is a significant inhibitor for adoption.
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Also expensive service/ maintenance and spare parts have been commonly cited as
inhibitor to adoption [31].

The physical reason is a lack of independent water source and pump. Also if the
farmer relies on surface canal water, there is mismatch in water delivery and irrigation
schedule, some farmers get water every 10-15 days at very low pressures; unsuitable
for drip irrigation, which requires constant delivery of water [28].

In terms of socio-economic reasons, a lack of well-defined water rights and subsi-
dized or free electricity provide no incentive for most farmers to save water or elec-
tricity [29]. Savings don’t result in any private gains, making drip irrigation less
attractive as an investment. But in the district of Kolar in Karnataka, due to lack of
ownership of wells farmers have to buy water from neighbors and this has incentivized
many local farmers to investment in drip for its water and fertilizer saving while in-
creasing yields [28]. It has also been noted that more educated, knowledgeable and
trained farmers tend to adopt drip before the rest [32].

In terms of agronomical reason, drip is more suitable for row crops than field
crops. Drip is great for horticulture, wide spaced crops but the returns only ramp up
after 3 years of investment, which is too long a wait for smallholder household [33].
Farmers opting for wider spaced horticulture or floriculture crops have been the early
adopters of drip in all states [32]. It should also be noted that a drip system designed
for one crop in unsuitable for another, this inhibits farmer from rotating their crops.

In terms of subsidy reasons, an insufficient knowledge of subsidies and poor admin-
istration is pushing away farmers from applying to subsidies. Also a non-transparent
selection process is inhibiting farmers from applying. In states (APMIP and GGRC)
where there has been an attempt at improvements in administration of subsidies,
namely farmers pay in full and get subsidies in return, have seen a significant adop-
tion in drip; 30,000 ha within one year of creation. This also allows the drip irrigation
market to behave like a free market where all companies have a fair chance and this

leads to greater R&D and reduction in prices of drip.
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Chapter 2

Drip Irrigation

Drip irrigation is a highly water-efficient method of irrigation. Drip irrigation refers
to a system where water is pumped through a network of filters, pipes and emitter
to deliver regulated flow directly to the plant root zones. Figure 2-1 shows a typical

drip irrigation setup.

Air Valve

Main Line

Lél.ra!
Flush Valve
Dripper/Emitter

Polytube / Lateral Submain Line

Figure 2-1: Typical Drip Irrigation System (Photo courtesy: Jain Irrigation)
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2.1 Components

The main components of a Drip System are (see Figure 2-1):

1. Pump (centrifugal (most common))
Pump water out of a water source which is usually a surface source (river or a
canal) or groundwater source and then pressurize the water to pump it through

the drip piping system.

2. Filters (Screen, Sand, Disc and Hydro-Cyclone)
These remove the sediments and precipitates within the water in order to reduce

emitter clogging

3. Pipes (Main, Sub-Main and Lateral)
The piping network conveys the water so that it can be emitted in a controlled

manner directly near the plant root zone.
4. Valves which include Flush, Non return, By Pass, Air and Ball Valves.

5. Emitter
These are devices that control the flow of water out of the piping network and
into the plant root zone.
They can be divided into two subgroups (see Figure 2-2): Inline emitters are
molded directly into the tubing and tend to be cheaper. Online emitters are
installed on the outside of irrigation tubing and tend to give more flexibility to
farmers in terms of emitter placement.
Each dripper group can be further subdivided into pressure compensating
emitters (PC) and non- pressure compensating (NPC).
PC refers to a drip emitter that maintain a constant flow rate independent of the
applied pressure above a minimum pressure known as the Activation pressure.
Figure 2-3 shows the performance metric of a PC emitters. This attribute is
valuable for maintaining uniform water flow distribution throughout a farm
field. NPC refers to emitters that provide some flow limitation but not to the

extent of PC emitters (see Figure 2-3).
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Figure 2-2: Left: Inline emitter; Right: Online emitter

“— Rated Flow Rate

Flow rate (Iph)
Flow rate (iph)

T Pressure (bar) Pressure (bar)

Q = kP* «— Flow Coefficient
Rated Flow Rate

Activalion Pressure

Figure 2-3: Pressure Compensating and Non Pressure Compensating emit-
ter

2.2 Cost Analysis

As mentioned in section 1.2.3, the major inhibitor to the widespread adoption of
drip irrigation system is the high initial cost. A cost analysis was performed on a
representative one-acre field under drip. Table 2.1 lists the assumptions made during
this cost analysis. The price list for the different drip system components was obtained
from the Gujarat Green Revolution Company (GGRC) [23].

Figure 2-4 shows the cost breakdown of the drip system under several emitter

scenarios. A closer look (Figure 2-5) reveals that approximately 80 - 86% of the cost
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Table 2.1: Assumptions made during cost analysis

Plant Banana

Farm size 1 acre

Emitter and Lateral spacing | 1 metre

Total number of emitters 4000/acre

Emitter flowrate 8 Iph

Pump 25% efficiency and hypothetical
Lateral diameter 12 mm

Submain diameter 63 mm

Scenario Off- grid solar

Water Source Surface water

for drip systems with either PC 1 bar activation pressure or NPC emitters stems
from the powering and pumping system. A reduction in the cost of these systems will

result in a significant reduction of the cost of the overall off- grid drip system.

Power = Pressure x Flowrate (2.1)

Equation 2.1 shows that to reduce the power requirement of the system, the
pumping pressure and flow rate through the system need to be reduced. The flow
rate is controlled by the crop water requirement and the duration of pumping time
and can only be lowered if the duration of pumping is extended. Therefore to reduce
the pumping requirement for a constant pumping duration, the pressure loss through

the system has to be reduced.

2.3 Pressure loss Analysis

A pressure loss analysis was performed on the system described in Table 2.1. The
emitter selected was an online PC emitter with a 1 bar activation pressure. It should
be noted that the pressure loss analysis is representative of the inline PC emitter at 1
bar activation pressure and the NPC emitter too. Table 2.2 shows the pressure drops

along the drip irrigation system. The majority of the pressure loss is in the emitter;
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350,000

300,000

250,000

150,000
100,000
50,000
g PC (0.15 Bar) |
gt PC(18ar)Online | PC(1Bar)Inline | NPC
Online
“ Solar 84,223 241,617 241,617 211,010
& Pump 14,912 22,856 22,856 21,539
& Submain 3,952 3,952 3,952 3,952
“ Lateral 16,633 16,633 0 0
& Dripper 10,724 10,724 37,136 25,749
W Filter 11,551 11,551 11,551 11,551
Figure 2-4: Cost breakdown under different emitter scenarios
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& Pump
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Figure 2-5: Cost breakdown of different components of a drip system for a
1 bar activation pressure PC online emitter

it the loss due to the activation pressure of 1 bar which accounts for 64% of the total
pressure drop. If this loss can be reduced to 0.15 bar, this will reduce the pressure
loss in the drip system by 55%. Figure 2-4 shows that this will result in a reduction
in costs of an off-grid drip irrigation system by 50% from an average of $4000/acre
to $2000/acre with the majority of the cost reduction occurring due to the reduction

in CAPEX of solar panels.

Table 2.2: Pressure loss analysis

Pressure Drop (Bar) | Percentage (%)
Filter 0.20 13
Piping and Valves | 0.35 23
Emitter 1.00 64
Total Losses 1.55 100
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2.4 Drip Irrigation Emitters

As has been discussed in Section 2.3, a reduction in activation pressure for a PC
emitter from the current 1 bar to 0.15 bar will result is a 50% cost reduction compared
to not only the 1 bar PC emitter scenarios but also the NPC emitter scenario (see
Figure 2-4). The focus of this master’s thesis is to analyze the coupled fluid-structure
interaction within a pressure compensating (PC) drip emitter and experimentally
validate this analysis. This validated analysis is valuable because it will provide
key insights into the sensitivities of the geometric and material variables to lower
activation pressure. This model can then be coupled with a single objective genetic

algorithm (GA) to try realizing geometries that can achieve lower activation pressure.

2.4.1 Design Requirements

In order to make drip irrigation a significantly more affordable and attractive option

for small-holder farmers, the following design requirements must be met.

1. The emitters must exhibit PC behavior to ensure uniform water delivery through-
out the field. This means that, within a certain range, regardless of the pressure
differential applied across the emitter, the emitter must passively deliver a con-

stant flow rate (see Figure 2-6).

2. The emitters must exhibit an activation pressure of 0.1-0.3 bar, which is the
main factor that will allow for the system to become affordable as a solar-
powered or on grid irrigation system. This reduction in activation pressure is
what makes PC drip systems more economically accessible than NPC systems

(see Figure 2-6).

3. A family of emitters ranging from 3-20 litres per hour with a low activation

pressure must be realised (see Figure 2-6).

4. The emitters must also be robust enough to withstand handling in the field.

This means that they should not clog easily and must have a reasonable lifetime
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of around 5 vears. That is the emitters should be at par or better in clogging

performance than existing emitters.

5. The manufacturing constraint is that currently used injection-molding machines

should be able to be cost-effectively retrofitted to manufacture the new emitters.

Q

A

3-20 liter / hour Kb

+_). '
Shift in ¢
AP

Current

Activation
Pressure
>
~0.1-0.3 bar ~ 0.7-1.0 bar AP

Figure 2-6: Flow control performance of a PC drip emitter. The red line
shows the behavior of a commercially available PC dripper 2|, which was used as the
benchmark in this study. The vertical dashed line shows the "activation pressure":
the minimum pressure required for the dripper to achieve its rated flow rate. The
green line represents the targeted performance curve. The black line is the theoretical
ideal performance

2.4.2 Prior Art
W. G. Miller 1947 - Flow Control Device

The Flow control device, patented in 1947 (see Figure 2-7), is cited as the first flow
limiting device. The working principle of this flow controller is similar to currently
manufactured emitters. A compliant membrane sits on top of a channel through

which water flows out. As pressure increases, the membrane deflects into the channel
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in shear increasing the flow resistance and resulting in flow controlling behavior. This

aspect of design is surprisingly similar to the architecture of currently manufactured

emitters.
Feb. 1, 1949, W. G. MILLER 2,460,647
FLO¥ CONTROL DEVICE
Filed l’lll 8, 1paT
s
&
"

’ g
2
* hesley G MiSler
a

£15.8 £16. 9 -?L‘y.szzym-a

Figure 2-7: Flow Control Device Patent from 1947 This is cited as the first
emitter. The working principle of this device is very similar to existing devices [3].

Currently Manufactured Online emitters

The currently manufactured emitter design is guided by designers’ intuition and it-
erative experimentation, or by computer aided emulation. These methods make op-
timization a very time consuming and computationally expensive process.

The 8.2 Iph manufactured by Jain Irrigation was used as the benchmark point for

the parametric analytical model. Figure 2-8 shows the family of Jain emitters.
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Figure 2-8: Jain Online emitters This is the family of online emitters manufactured

by Jain [2].



Chapter 3

Multidisciplinary Optimization

3.1 Problem Formulation

The overall objective of this study is to reduce the activation pressure of online
emitters. The starting point of the analysis is the currently manufactured Jain 8.2
Iph online emitter. Figure 3-1 shows the design variables considered during this

optimization.

x1 = membrane radius (ry,)
xo = membrane thickness (t)
x3 = channel width (W)

x4 = channel length (L)

x5 = channel depth (D)

x¢ = land height (H;)

x7 = orifice size (Aorifice)

xg = outlet diameter (D,)

The fluid-structure interaction is modeled as a function whose inputs are the
described set of design variables and parameter and the output is the emitter per-
formance. Here, the emitter performance is characterized using the goodness-of-fit of

the inlet pressure vs. flow rate graph of the emitter to the aimed performance (see
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Figure 3-1: Schematics of a conventional pressure compensating online drip
emitter which uses a flexible membrane to control flow rate. A: Isometric
view showing the section planes. B: Half-cut view on the A-A plane. C: Orthog-
onal view to the channel, cut on the B-B plane. D: MATLAB modeled schematic
corresponding to the cut view on the A-A plane. E: MATLAB modeled schematic
corresponding to the cut view on the B-B plane. D and E show the critical dimension
of the flow features within the dripper which were used to model its behavior.
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Figure 2-6). The flow rate versus pressure graph for an ideal emitter is a horizontal
line at the required flow rate (shown in black in Figure 2-6) and this was set as the
target for the optimization problem. It should be noted that the aimed graph (shown
in green in Figure 2-6) is a more realistic graph that can be achieved due to practical
considerations resulting from the fact that the orifice loss coefficient (k) can never be
zero. Therefore, the objective of the optimization problem amounts to determining
the set of design inputs that minimize the deviation between the inlet pressure vs.

flow rate performance of the designed emitter and the aimed performance (see Figure

3-2).

Design Vector and

Parameters Simulation Model
X, i |
i Objective Vector
X,
] Structure Fluid
N 1 ]
» e e e e e

Optimization Algorithms

| | sensitivity
Genetic Algorithm j Analysis

istic Techni :
(Heuristic Techniques) Coupling Oulput Evaluation

Figure 3-2: Problem Formulation Design variables are the inputs into the simu-
lation module which outputs the cost function (the Euclidean distance between the
designed and aimed performance). A hybrid genetic algorithm is then used to mini-
mize the cost function. The GA is coupled with key learning from sensitivity analysis
to guide the design and optimization process.

The mathematical representation of this objective is shown in Equation 3.2. The
deviation between the curves (cost function) is measured as the Euclidean distance
between the vector of corresponding graph points between the designed and the aimed

performance.

n
Ju=7_llgemed — g (3.2)
i=1
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Here,
J1 = Objective (cost) function
n = total number of discretization of the operating pressure range
q;®™ed — aimed flow rate at i** pressure discretization
q9%ie" = design flow rate at i*t pressure discretization

A genetic algorithm (GA) based heuristic optimization method was used to mini-
mize the objective function given in equation 3.2. A GA based approach was preferred
over other optimization techniques because the objective function is noncontinuous
and contains non-linear constraints and GA are well suited for this forms of design
space. Additionally, GA’s are well suited for handling integer constraints. This is
necessary in order to take into account the dimensional tolerances while injection
molding the emitter. The constraints enforced are due to manufacturing and pro-
curement constraints are detailed in Equations 3.3. The manufacturing constraint
results from the requirement that currently used injection-molding machines should
be able to be cost-effectively retrofitted to manufacture the new emitters. This en-

forces the following dimensional constraints (g and h):

g1 =12 < membrane thickness (mm) < 1

g2 =10 < membrane diameter(mm) < 14

g3 = 0.05 < Land Height (mm) <1

gs = 0.05 < channel depth (mm) <1

gs = 0.5 < channel width (mm) < 2

gs = 0.5 < channel length(mm) < 2 (3.3)
g7 = 0.5 < area of orifice (mm?) <

hy = Young’s Modulus (GPA) = 0.038
hy = Shear Modulus (M PA) = 0.60

hs = Poisson Ratio = 0.48

hy = Membrane Material = silicone

The GA optimization toolbox in MATLAB was used for the optimization process.
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Values for the population size, mutation rate, and crossover rate were iteratively

tuned for optimal emitter design while keeping the computation inexpensive.

3.2 Working principle of PC Emitters

The working principle of an online emitter is that fluid flows into the emitter through
the inlet at pressure P;. The fluid then flows into the chamber under the membrane
through an orifice. The flow through the orifice leads to a pressure loss and the pres-
sure in the chamber is at P,. The fluid then flows out of the emitter to the atmosphere
at pressure P,. The flow of fluid creates a pressure differential across the membrane.
As the inlet pressure increases, the compliant membrane deflects down to the lands
and then further shears into the channel. The overall deflection increases with in-
let pressure, resulting in more fluid flow resistance. This flow restriction behavior is

graphically summarized in Fig. 3-3.

3.3 Fluid Structure Interaction

The analysis of an emitter involves coupled fluid-structure interactions (FSI). The
fluid flow is dependent on the deflection of the membrane, while the pressure loading
which causes the membrane deflection is dependent on the fluid flow. Numerical
methods to solve FSI can be divided into either segregated or monolithic [34-37]. In
this study, a segregated solver was used in which the fluid and solid problems were
solved separately while exchanging information at their boundaries. As flow in the
emitter is assumed to be steady, segregated solvers can take advantage of modularity,
hence use known solutions for both the solid and fluid domains and then couple them
through fixed-point iteration. Figure 3-4 graphically depicts the iterative process used
in this study to converge the FSI. The output of the iteration was an inlet pressure
versus flow rate curve for different geometries and materials.

For every inlet pressure P, applied to the emitter, an initial pressure loading of

Py, = P, was assumed. The membrane deflection was then calculated using this
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Figure 3-3: Graphical summary of the working principle of a drip emitter.
A and B: Bending of the flexible membrane shown in the A-A and B-B planes from
Fig. 3-1A, respectively. C and D: Line force contact between the membrane and
the lands, shown in the A-A and B-B planes from Fig. 3-1A, respectively. E and
F: Deflection of the membrane into the channel from shearing, shown in the A-A
and B-B planes from Fig. 3-1A, respectively. The flow path of water is shown by
connected blue arrows. Gray arrows denote the pressure differential acting on the
membrane. Bold arrows denote the contact force at the edge of the land, Fp;n.. The
black triangles show constraints to membrane deflection.
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Figure 3-4: Flow diagram for the process used to model the coupled fluid
and solid mechanics behavior within a drip emitter.

pressure loading. The resulting membrane deflection defined the flow path through
the emitter and was used to determine the resulting flow rate, Q;. Finally, Q; was

used to recalculate Py with

1 (Q:\?
P2 = Pl - -é-p (%) Ko, (3.4)

where ko=0.95 was the experimentally measured loss coeflicient for the orifice in the 8
1/hr benchmark emitter used in this study, Ay was the orifice area, and p is the density
of water. In each iteration, the recalculated P, yielded new values for membrane
deformation and flow rate. This process was repeated until the new predicted flow
rate and the flow rate calculated in the previous iteration converged to within 0.5%.
Once the flow rate at a certain inlet pressure was determined, a new inlet pressure
was assumed. This iterative process was repeated at each inlet pressure to build up

the entire flow rate versus pressure profile for the dripper.
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3.3.1 Structural Deformation Modelling

The deformation of the circular membrane can be characterized by three regimes. As
the inlet pressure is increased, first the compliant membrane deforms in bending up
to the lands (Figs. 3-3 A and B). The membrane then contacts the lands and seals the
channel (Figs. 3-3 C and D). Finally, it deforms in shear into the channel (Figs. 3-3
E and F).

Deformation in Bending The small deflection in bending, w, was given by the
solution of the fourth order partial differential equation [38]

Atw = (3.5)

4
D’

where

Et
D= T (3.6)

and ¢ is the pressure loading, D is the flexural stiffness of the membrane, E is the
young’s modulus, ¢ is the thickness and v is the poisson ratio of the membrane. The
assumed pressure loading is shown in Figs. 3-3 A and B. The circular membrane was
assumed to be thin and simply-supported along the outer edge. These boundary
conditions reflect that the membrane can physically move radially while supporting

rotation along the edge.

Because the geometry of and loading on the membrane are axisymmetric, the
spatial coordinate can be simplified to 2D, perpendicular and transverse to the circular
plate. The deflection due to loading in Figs. 3-3 A and B can be calculated by
assuming the deflections as small and linear. They are determined by superimposing
the deflection of a circular plate due to uniform loading from P;- P,, and the deflection
due to annular loading from P,- P,. The exact analytical solutions for these loadings

are known and given by [38]. Deflection of a circular plate due to uniform loading is
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Waniform = (P — Pa)% (1 - (%)j (51’ 15 - (%)2) , (3.7)

where 7y, is the membrane radius and r is a spatial position in the radial direction.

Deflection of circular plate due to annular loading is

_ Tm ( Lz (P, = Py Lar® (P — R)r'Gu
Wannutar = = (P2 = Fa) 575 (m - “> T D ’
(3.8)
where for r < rp
Gll - 0, (39)
and for r > r,
1+4(2)" -5 (%) - 4(3)" (2+ (3)) s ()
G = ” . (3.10)
For all r
B (Py — Pa)Tfn L7
Y. =— 5D 1+1/_2L11 , (3.11)
Mc = (P2 - .Pa)T'EnLn, (312)
4 2
1= (1= (2)") - ()" (1+ @ wog ()
Ly, = 1 , (3.13)
vea () s () -a(2) (24 () ) e ()
L= (3.14)

64 ’
where r;, is the radial position of the start of the distributed annular loading and is
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equivalent to half way between the lands ((roy + 71)/2). G1; is a function of the
radial location r and the start of annular loading r,. Y. is the center deflection and
M. is the center moment. Lq; and L,; are loading constants dependent on the ratio

of r,/rm. The total deflection is the summation of the two loadings,

Whending = Wuniform + Wannular- (315)

Equations (3.7) to (3.15) are valid for small deflections (maximum deflection,
Wmax < thickness of membrane, ¢). Once the deflections exceed the thickness of the
plate, induced radial stresses cause the plate to stiffen, and the deflection is no longer

proportional to the magnitude of the loading.

Timoshenko derived a correction that accounts for the stiffening effect, which can
be multiplied by the small deflection to give a good estimate of the actual deflec-

tion [39]. The correction factor is

Wmaz,large 4+ 0.262 (wmaz,large)3 _ Wmaz,small _ 0’ (316)
t t t
Wrnazx,large
Whending,large = Whending,small (w s (317)
mazx,small

where Whax large 1S the maximum large deflection, and is dependent on the thickness

of the membrane and the maximum small deflection for a loading, wWmax smai-

Deformation while Interacting with the Lands Once the membrane deflects
to the lands, an opposing circular line force is induced to prevent the membrane from
deflecting further (Figs. 3-3 C and D). This line force is due to the contact of the
membrane on the inner diameter of the lands. The magnitude of the force is derived
by employing the boundary condition that the membrane can not deflect further than
the lands. The pressure required to cause the membrane to deflect to the lands is

labelled Pi,.
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Deformation in Shear Once the membrane deflects to the lands, the pressure
loading P; - Py, will result in additional membrane deflection in shear into the channel
(Figs. 3-3 E and F).

As only a small section of the plate shears into the channel, the deflection can be
approximated as the shearing deformation of a simply supported thick beam. The

deflection is given by [40].

- 2 2 h(Az — A\¥
Wshear = éw i - —f_ - 2 1- = ( > w 2 ) ’ (318)
5 GA, W w2 (AW)? cosh(A%)

N GA4,Co
= — :——A N ==
A a7a A() O)ﬁ EIA() 3

Ag = cosh (%) - 12 (cosh (%) — 2sinh (%)) , (3.20)
By = cosh? (%) + 6 (sinh(1) 4+ 1) — 24 cosh (%) (cosh (%) — 2sinh (%)) , and

(3.21)
Cy = cosh? (%) - %(sinh(l) + 1) — 4 cosh (%) sinh (%) . (3.22)

(3.19)

In Egs. 3.19-3.22, G is the shear modulus of the membrane, Ay, is the cross-sectional
area of the beam, W is the length of beam and width of channel, and z is the spatial
position. Constants Ag, Bg and Cj appear in the coupled Euler-Largrange governing

differential equations of a thick beam deforming in bending and shear [40].

3.3.2 Fluid Flow Modelling

The numerical method used to model the flow is correlation; exact eddy simulation
and flow visualization is unﬁecessary. The two main regimes of flow which result in
major pressure losses are the flow through the orifice (Fig. 3-5 A) and through the
channel (Fig. 3-5 B).
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Figure 3-5: Fluid flow modeling through an 8 1/hr drip emitter. A: Bending of
the flexible membrane under initial loading, cut in the A-A plane shown in Fig. 3-1A.
The primary flow restriction in this case is caused by Kopifice, shown by a resistor sym-
bol and plotted in the first section of Fig. 3-5D. B: Shearing of the flexible membrane
into the channel, cut in the A-A plane shown in Fig. 3-1. Flow restriction is caused by
the sum of korifice and the variable resistance (shown by the variable resistor symbol)
of kehanner, Which increases with rising inlet pressure as shown in Fig. 3-5D. C: Flow
rate versus inlet pressure for pressure compensating behavior. D: Loss coefficient in
the fluid network versus inlet pressure.
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Pressure Loss through the Orifice The pressure drop due to the orifice is cal-

culated by

1
A-Porifice = P1 — P2 = Q2 (—2—;42—/)———!‘&07'#1‘03) ) (323)

orifice
where kongsee = 0.95 is the experimentally obtained loss coefficient value for the orifice

of a 8 1/hr benchmark emitter used in this study.

Pressure Loss through the Channel Studies [41-44]| have shown that the pres-
sure drop within a channel with length scales of the order of hundreds of microns
can be evaluated using macro-scale formulae. Hence the pressure drop and flow rates

through the channel can be expressed by

1 2
APcha'n.nel = P2 - Pa = §pA2Q—(K/inlet + R friction + Koutlet)~ (324)
channel
This is rearranged to give
1 »p fL
A-Pchmmel - Q2 (_—(Hz‘nlet + = + Kount t)) 5 (325)
2 Aghannel D h o
where
- 4Achannel . . : :
Dy = ——— is the equivalent hydraulic diameter (3.26)

Pchannel
and Achannel 18 the area of the channel, pehannel is the perimeter of the channel, f is
the friction factor, r is the fluid density, @ is the volumetric flow rate through the
emitter, L is the effective length of channel (i.e. the length of channel fully) and ket
and kouiet are the minor loss coefficient due to inlet and exit from the channel whose
values can be obtained from Kays and London [45].

The friction factor for laminar flow (i.e. for Rep, < 2300) can be calculated as

N
- 1‘36[),17

f

(3.27)

where N is dependent on the cross-sectional aspect ratio [46]. For Rep, > 2300 (i.e.
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assumed turbulent flow), the friction factor can be calculated using the Colebrook

equation despite the non-circular cross section [47],

1 € 2.51
— — _2lo + ) , 3.28
T 810 (3.7Dh Rep, /T (3.28)

where € is the roughness of the flow path and the flow is usually in the turbulent

regime.
The flow rate can be calculated using Eqs. (3.24)-(3.28) and mass continuity for
incompressible fluids. Using this calculated flow rate, the pressure loading can be

recalculated and the iteration described in Fig. 3-4 can be repeated.

Total Pressure Loss through the Emitter In the Structure Deformation sub-
section, it was noted that the deformation of the circular membrane is split into three
regimes. These three regimes result in two distinct flow paths through the emitter
(Fig 3-3). When the inlet pressure is low and in the regime of bending the membrane

down to the lands, the major pressure losses occur within the orifice, given by

1
APtotal =P —-F, = APorifice = Q2 (2A2p Korifice) . (329)

orifice
When the inlet pressure increases and the deflection transitions to shearing the mem-
brane into the channel, the major losses occur within the orifice and also the channel,

causing a total pressure drop of

A*Ptotal = Pl - Pa = APom‘fice + AI)channel Q2 ( A2 total) (330)
1 »p 1 p fL

- Q2 -5 Korifice + = (":'inlet + 5 + Koutlet | - (331)
2 Atz)m fice ' 2 Azhannel D h

3.3.3 Explanation of PC Behaviour

Equations (3.29) and (3.31) summarize how the the flow rate is dependent on the

inlet pressure. Figure 3-5D provides insight into the fact that to achieve pressure-
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compensating behavior, the loss coefficient, kiota1, needs to vary linearly with the
increase in inlet pressure.

Figure 3-5D shows two trends. Before the pressure compensating regime, the
loss coefficient ka1 is approximately constant at 0.95, which is the experimentally
measured value of kgigee- This confirms that before the membrane touches the lands,
the major pressure losses occur due to flow restriction through the orifice. Pressure
compensation begins when the flexible membrane shears into the channel, creating an
additional increase in the overall resistance by adding the variable resistance kchannet-

Equation (3.31) can be rewritten as

APtatal = Q2 (Ko'rifice + Kminm‘ + Kfm'ction) ) (332)
where
1 p
Korifice = §Wf€mﬁoe, (3.33)
1 p

Koinor = 5%(’%7&% + Koutiet ), and (3.34)

1 p fL
Kfriction = m—5—— . (3.35)

resen 2 Aghcmnel D h

As water can be considered an incompressible fluid, K i can be assumed to be
constant. Assuming the friction factor f does not change significantly in the turbu-
lent regime, Eq. (3.32) shows that for the emitter to exhibit pressure compensating
behavior, Kgiction needs to increase linearly with pressure. For Kgiction tO increase,
the effective length of channel needs to increase (Fig. 3-6 A), and the hydraulic di-
ameter and cross-sectional area of the channel needs to decrease (Fig. 3-6 B). These
effects vary in combination to achieve a linearly increasing K giction, and thus pressure

compensation with increasing input pressure.
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Figure 3-6: Mechanics that yield pressure compensating behavior and a
linear increase in the total loss coefficient. A: Bending of flexible membrane
under loading, cut in the A-A plane. Increases in inlet pressure causes the flexible
membrane to deflect further and cover up a larger length of the channel. This results
in an increase in effective length of the flow path as shown in the inset of Fig. 3-6 A
(The black membrane covers up more of the blue channel). B: Shearing of the flexible
membrane into the channel, cut in the B-B plane. Increases in inlet pressure causes
the flexible membrane to shear further into the channel which leads to a decrease in
cross-sectional hydraulic diameter and area of the flow path as shown in the inset of
Fig. 3-6 B (The black membrane deflects into the blue channel reducing the effective
flow path area and hydraulic diameter).
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Chapter 4

Results and Discussion

4.1 Validation of Model

4.1.1 Experimental Setup

The experimental setup used to validate the theoretical model developed in the previ-
ous section is shown in Fig. 4-1. The setup is a scaled-down version of the apparatus
used to characterize drip emitter behavior in industry, as well as the setup described
in the ITRC technical report 2013 [48]. This similarity ensures that the data collected
is comparable to data available for commercial emitters. The setup consists of a air-
pressurized tank that provides water at a prescribed inlet pressure, which can be read
off the pressure gauge. The pressure-regulating valve enables the control over the
prescribed pressure. This setup allows for two emitters to be tested simultaneously
and the emitters flow into a 250 ml graduated cylinder, which enables the flow rate

to be timed.

4.1.2 Experimental Protocol

The experimental protocol used followed the Indian Standard for Irrigation Equip-
ment and Emitter Specification [49]. The performance metric of emitters is the flow
rate versus inlet pressure graph. Hence, the experimental setup should be capable of

reproducing the pressure versus flow rate graph for every emitter being tested. For

o1



Pressure

Gauge Track System

. Emitters d
& : % Regulating |
i | Valve

; 4 (;a;‘lum;;' “

Cylinder

Pressure
Tank

Figure 4-1: Experimental setup used to test drip emitters. The inlet pressure
was controlled by regulating compressed air that was fed into a tank of water, which
was then connected to the emitters. Flow rate was determined by measuring the time
to fill 250 ml graduated cylinders. Two drip emitters can be tested simultaneously.

this, we tested two emitters of each type. The test starts an initial pressure of 0.2 bar
which is set using a pressure regulating valve. At each subsequent pressure, the time
taken to fill up a 250 ml graduated cylinder is recorded and the flow rate derived.
The average flow rate of both emitters is plotted. The test is repeated at increasing
pressures intervals of 0.1 bar up to a maximum pressure of 1.6 bar. We also repeated

the tests with decreasing pressures from 1.6 bar to 0.2 bar in interval of 0.1 bar.

4.1.3 Parameter Change

In order to obtain experimental results and validate our theory, at least two drip
emitters each, for eight different geometric configurations, were precision machined
from delrin using a CNC milling machine. The geometric conditions changed are
those shown in Fig. 3-1 D and E. Table 4.1 shows the dimensions of the six different
emitters. Emitter 1 is a close replica of the currently manufactured 8 1/hr dripper
that was used as a benchmark in this study but with a deeper channel. Emitter 1
served as the control. Emitters 2 and 3 only varied in channel depth. Emitter 4 varied

in channel width, emitter 5 varied in deflection height, emitter 6 is varied in channel
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length. Emitter 7 varies in both channel depth and deflection height whereas emitter
8 varies in channel depth and channel width. Due to the involved testing routine a
parameter study design of experiments was opted for over a full factorial. The four
key variables namely: channel depth, channel width, channel length and deflection
height were varied one at a time with each factor having two/ three levels. Emitters

7 and 8 were introduced to capture interaction between variables.

Table 4.1: Dimensions for the eight emitters tested in this study

Emitters (mm)

Parameter 1 2 3 4 5 6 7 8
Channel Depth 0.30 | 0.35 | 0.45 | 0.3 0.3 0.3 0.25 | 0.15
Channel Width 1.20 | 120 |120 |1.40 {120 |1.20 |1.20 |1.00
Channel Length 2.40 | 240 | 240 |240 |4.80 |2.40 |240 {240
Max Deflection 0.70 1 0.70 | 0.70 [0.70 |[0.70 | 0.00 | 0.30 | 0.70
Outlet Diameter 1.90 (190 {190 [1.90 {190 |1.90 (190 |1.90
Membrane Diameter | 11.00| 11.00 | 11.00 | 11.00 | 11.00 | 11.00 | 11.00 | 11.00
Membrane Thickness | 1.20 | 1.20 [ 1.20 |1.20 |1.20 |1.20 | 1.20 | 1.20

Emitter 1 is the control. The bold and underlined values denote the changes made
to the respective emitters when compared to the control.

4.1.4 Experimental Data Compared to Model Predictions

First and most importantly, comparing the datasheet for Jain 8.2 Iph emitter and
theorectical predictions shows a very close correlation (Figure 4-2). The R? value was
0.91 and the model was accurately able to predict the activation pressure and very
closely able to reproduce the rated flow rate.

In the flow rate versus inlet pressure results for the tested prototypes, each emitter
is represented by three lines. Cross markers represent the averaged results of the two
emitter tests under increasing pressure repeated five times, while the circle markers
represent the averaged results of the two emitters under decreasing pressure repeated
five times. The solid line is the theoretical prediction. It should be noted that under
higher pressures, our experimental prototypes leaked slightly, which contributed to

the slightly higher flow rates than predicted.
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Figure 4-2: Flow rate versus inlet pressure. Comparing the Jain’s published
data (red markers) to Model’s prediction (blue line).
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Depth of Channel Figure 4-3 shows a close correlation between the experimental

data and theoretical predictions for differing channel depths. For emitters 1, 2 and 3,

the R? value was 0.94, 0.96 and 0.91, respectively. The trend seen is that an increase in

channel depth led to increased flow rates. An increase in channel depth will make the

cross-sectional area greater without affecting the deflection of the membrane, leading

to a decrease in flow resistance and higher flow rate. This trend is commonly seen

in currently manufactured emitters where lower flow rate emitters have a shallower

channel, while higher flow rate emitters have deeper channels [2,50].
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Figure 4-3: Flow rate versus inlet pressure with variations in channel depth.
Two CNC milled emitters were tested simultaneous, and the tests repeated five times
for increasing and decreasing pressures tests. The plotted results are averages from
the 10 data set each. '
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Width of Channel Figure 4-4 shows a close correlation between the experimental
data and theoretical predictions for differing channel widths. Emitter 4 has a R?
value of 0.90. The trend seen is that an increase in channel width led to a decrease in
flow rate, especially at higher inlet pressures. An increase in channel width facilitates
larger deflection of the membrane in shear, which counteracts the increase in area.
Flow resistance due to an increase in shear deflection dominates over the decrease in
resistance due to a larger initial cross-sectional area of the channel, resulting in a net

increase in resistance and lower flow rate.
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Figure 4-4: Flow rate versus inlet pressure with variations in channel width.
Two CNC milled emitters were tested simultaneous, and the tests repeated five times
for increasing and decreasing pressures tests. The plotted results are averages from
the 10 data set each.



Length of Channel Figure 4-5 shows a close correlation between the experimental
data and theoretical predictions for differing channel lengths. The results for emitter
5 have an R? value of 0.94. The trend seen is that an increase in channel length does
not influence the flow rate versus pressure graph for the pressure range tested. This
can be explained by the fact that the effective channel length (length of channel sealed
by the membrane) does not vary at the pressures tested, hence there is no change in
flow resistance. If the effective length did increase, the trend would be a lower flow
rate. This trend is seen in industry, where tortuous paths are sometimes used under

the flexible membrane to increase the effective channel length [2,50].
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Figure 4-5: Flow rate versus inlet pressure with variations in channel length.
Two CNC milled emitters were tested simultaneous, and the tests repeated five times
for increasing and decreasing pressures tests. The plotted results are averages from
the 10 data set each.
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Deflection to Lands Figure 4-6 shows a close correlation between the experimental

data and theoretical predictions for differing land heights. Emitter 6 has a R? value

of 0.90. The trend seen is that a decrease in deflection height of the membrane led to

a decrease in flow rate. This is because for the same pressure, a shorter deflection to

the land results in a larger deformation in shear, hence a higher flow resistance.
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Figure 4-6: Flow rate versus inlet pressure with variations in the membrane
deflection to the lands. Two CNC milled emitters were tested simultaneous, and
the tests repeated five times for increasing and decreasing pressures tests. The plotted

results are averages from the 10 data set each.
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Combination of Variables Figures 4-7 and 4-8 shows a close correlation be-
tween the experimental data and theoretical predictions for changing a combination
of variables. Emitter 7 has a R? value of 0.90 and emitter 8 has a R? value of 0.85

but very closely follows the trend.
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Figure 4-7: Flow rate versus inlet pressure with variations in the membrane
deflection to the lands.Two CNC milled emitters were tested simultaneous, and
the tests repeated five times for increasing and decreasing pressures tests. The plotted
results are averages from the 10 data set each.
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Figure 4-8: Flow rate versus inlet pressure with variations in the membrane
deflection to the lands. Two CNC milled emitters were tested simultaneous, and
the tests repeated five times for increasing and decreasing pressures tests. The plotted
results are averages from the 10 data set each.
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4.2 Single Objective Genetic Algorithm

The experimentally validated FSI model can be used to compute the flow rate versus
inlet pressure curve for a particular geometry based on variables in emitter geometry
such as, channel depth, width, length, the outlet diameter, the maximum height of
deflection, the size of the orifice and the diameter and thickness of the compliant
membrane. This model is capable of determining the flow rate versus pressure graph
for a given architecture of the emitter within a £ 5% error bound. This model
was used to conduct a hybrid genetic algorithm (GA) based [51] optimization study.
Hybrid GA’s combine the power of a GA with human intuition for decision making.
The GA portion excels at narrowing the design space towards a global minimum but
tends to slow down as it approaches the minimum. At this stage, human intuition
is used to refine the search. The following final parameters were set based on prior

experiments to conduct the optimization study using the GA optimization toolbox in

MATLAB.

1. Population size = 100

2. Mutation rate = 0.03

3. Crossover rate = 0.8

4. Maximum generation = 20

5. Stopping conditions was set as follows: The deviation between the graphs
(aimed versus design) is less than 5% OR the algorithm runs for 20 genera-

tions

Once the iterations came to a stop, human intuition was used used to achieve a

better fit.
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4.2.1 8.2 litre per hour emitter

The described procedure was followed to optimize an emitter of 8.2 Iph. The result
of this process is a set of optimal values for the set of input design variables described
during Problem Formulation. I am presenting the results from a validation study
conducted in conjunction with the project sponsor to characterize our optimal design.
For this, we manufactured a Delrin emitter based on the optimal design for the 8 Iph
emitter. This emitter was experimentally tested using the procedure described in
experimental protocol. Results from this experiment are shown in Figure 4-10. These
results indicate that the optimized design had an activation pressure of 0.15 bars.
This is significantly lower than the activation pressure for the original emitter design
of 1 bar.

To independently confirm the lab-results for the 8.2 Iph emitter, the project spon-
sor manufactured 50 HDPE emitters at their industrial facility. These emitters were
injection molded without significant added costs as a result of the manufacturing con-
straints set during the problem formulation stage. The tests conducted conformed to
ISO guidelines for testing PC emitters. Figure 4-9 shows how the performance of the
optimized 8.2 Iph emitters (labelled MIT) when compared to other current emitters.
The optimized emitter has an activation pressure of 0.15 bar. This value is close to

1 L . . .
approximately 5 th of the activation pressure measured in other commercial designs.
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Figure 4-9: Flow rate versus inlet pressure for optimized emitter (MIT)
when compared to commercially available 8.2 lph emitters. The number of
MIT designed emitters tested at Jain is 50. The optimized emitter (MIT) is depicted
in red and has an activation pressure that is 5 times lower than that of Netafim and
6 times lowers than Toro and Jain.
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4.2.2 Family of Emitters

Experimental studies on optimal designs for emitters with flow rates of 4,6, and 7 Iph
obtained from the hybrid GA-based approach were also performed. Emitters with
the optimized geometries were precision machined and tested at GEAR Lab, MIT.
As shown in Figure 4-10, we observed an activation pressure of pressure of 0.2 bar
or lower for all of these models. These results helped us confirm that applicability
of our optimization approach across emitter architectures with varying flow rates.
The numerical values for the different design variables that allowed the realization of
lowering the activation pressure while also having a family of flow rates can be found
in the Patent by Shamshery et al. (US Patent- 62/258067)- Pressure Compensating

Emitter Having Very Low Activation Pressure and Large Operating Range.
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Figure 4-10: Flow rate versus inlet pressure for emitters that were optimized
using a hybrid GA and the model presented in this study. Two CNC milled
emitters were tested simultaneous, and the tests repeated five times while increasing
and decreasing pressures. The plotted results are averages from the 10 data set each.
They all have an activation pressure of 0.2 bar and lower.
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Chapter 5

Conclusions and Future Work

5.1 Challenge

The global community, and India in particular, is facing an increasingly serious crisis
with regards to the food-energy-agriculture nexus. In order to feed a growing popula-
tion, shifting towards a more nutritious and water intensive diet on dwindling water
and energy stressed resources, shifts will have to be made to more water and energy
efficient methods of irrigation. Drip irrigation is an excellent candidate for sustain-
able agricultural development because it can increase crop yields by up to 50% while
decreasing water consumption per acre by up to 70%, compared to traditional flood
irrigation systems. The main inhibitor to the widespread adoption of drip is the high
initial investment costs. A drip system costs $1000 an acre and an additional $3000

for solar.

5.2 Approach

Performing a cost analysis on the off-grid drip irrigation systems revealed that ap-
proximately 80 - 86% of the cost for drip systems with either PC 1 bar activation
pressure or NPC emitters stems from the powering and pumping system. A reduction
in the cost of these systems will result in a significant reduction of the cost of the

overall off- grid drip system.
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A reduction in the system pressure requirement would result in a reduction of
power requirement and hence take a step towards reducing the overall cost of the
system. A pressure loss analysis showed that the activation pressure of a 1 bar PC
emitter accounts for 64% of the total pressure drop. If this loss can be reduced to
0.15 bar, this will reduce the pressure loss in the drip system by 55% and lead to
a reduction in costs of an off-grid drip irrigation system by 50% from an average of
$4000/acre to $2000/acre with the majority of the cost reduction occurring due to
the reduction in CAPEX of solar panels.

5.3 Analysis

Prior art of emitters was looked into and to my knowledge, there is no existing
study that analytically describes the principal operating characteristics and geometric
dependence of PC drip emitters. At present, emitter design is guided by designers’
empirical intuition and iterative experimentation, or by computer-aided emulation.
The iterative method leads to designs at local optimums and the computer-aided
emulation is difficult and time consuming to perform sensitivity analysis on and gain
key insights into how the operation is dependent on geometry and materials. This is
surprising given that one of the first patents for PC emitters was obtained in 1949,
and the architecture of currently manufactured emitters very closely resembles this
design.

This thesis presented a novel parametric fluid-structure interaction analysis on a
currently manufactured 8.2 lph emitter. This parametric 2D model was validated
using existing and currently manufactured Jain’s 8.2 Iph emitters as well as 8 dif-
ferent geometries CNC machined emitters. The model is capable of outputting the
performance metric of an emitter, the flow rate versus pressure graph, for any input
geometry within the constraints. This model was then coupled with a genetic algo-
rithm to optimize the 8.2 Iph emitter to have a low activation pressure, as low as 0.15
bar. The GA coupled model was also utilized to realize a family of emitters with flow

rates of 4, 6, 7 and 8.2 Iph while having an activation pressure of 0.2 bar and lower.
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5.4 Results

The optimised 8.2 Iph dripper was CNC machined at MIT (5 duplicate copies) and
tested in the lab to reveal an activation pressure of 0.15 bar. To independently confirm
the lab-results for the 8.2 Iph emitter, the project sponsor manufactured 50 HDPE
emitters at their industrial facility. These emitters were injection molded without
significant added costs as a result of the manufacturing constraints set during the
problem formulation stage. The tests conducted conformed to ISO guidelines for
testing PC emitters. The optimized emitter was concluded to have an activation
pressure of 0.15 bar. This value is close to 22% of the activation pressure measured
in other commercial designs.

The family of other flow rates 4, 6 and 7 have been tested at MIT (5 duplicate
copies each) and revealed an activation pressure of 0.2 or lower.

The model and design techniques presented here can be used to optimise PC online
drippers for an flow rate with an activation pressure of 0.2 bar or lower. The new
design methodology of optimizing emitters can be applied to any emitter, online and
inline alike.

The design methodology consists of four main steps. First and most importantly,
understand the fluid structure interaction with the emitter. Each different archi-
tecture will require a new model. Second is to validate the parametric model with
existing benchmark emitters and other manufactured emitters. Third is to couple
the model with an optimization toolbox in order to achieve a reduction in activation
pressure. Lastly, is to validate the results from the GA. For a similar architecture,

the last two steps can be iterated to optimize a family of different flow rate emitters.

5.5 Future Work

5.5.1 Emitter

The next step in the emitter research is to follow the verified design methodology to

optimize a family of inline emitters. This will be done in two steps, firstly optimizing
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existing portfolio of inline emitters and then inventing a new architecture in order to
reduce the cost of emitter while achieving low activation PC behavior. This direction
is being targeted by another Master’s student in the Global Engineering and Research
(GEAR) Lab.

5.5.2 System Level Optimization

Optimizing a PC emitter leads to a significant reduction in the overall cost of an
off- grid system, but the optimized cost of $2000/acre is still too high. This system
level optimization has two main objectives. The main aim of this study is to identify
the sensitivities of different parameters and design variables to the overall cost of the
system. Another objective is to identify the key technological advancements required
in order to take a step towards making drip irrigation systems economically accessible
to smallholder farmers. It should also be noted that a reduction in activation pressure
leads to an optimized system curve. In order to realize the benefit of lower activation
pressure an assumption has been made that a low- pressure pump exists. Further

research would need to be done to find or redesign such a pump.

5.6 Key Contributions

The key contributions to research and irrigation presented in this thesis can be divided

into three main classes:

1. 2D Parametric FSI model
As was noted earlier, to my knowledge, there is no existing study that ana-
lytically describes the principal operating characteristics and geometric depen-
dence of PC drip emitters. This is a novel model that utilizes existing fluid
and structure theory to model the compliant membrane deformation and fluid
flow as a function of the dimensions of the architecture. The model is capable
of outputting the performance metric of an emitter, the flow rate versus pres-

sure graph, for any input geometry within the constraints. This parametric 2D
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model was validated using existing and currently manufactured Jain’s 8.2 Iph
emitters as well as 8 different geometries CNC machined emitters. This model
can be coupled with a genetic algorithm to optimize a family of online emitters

with a similar architecture.

. Emitter design metholody

The design methodology consists of four main steps. First and most impor-
tantly, understand the fluid structure interaction with the emitter. Each differ-
ent architecture will require a new model. Second is to validate the paramet-
ric model with existing benchmark emitters and other manufactured emitters.
Third is to couple the model with an optimization toolbox in order to achieve a
reduction in activation pressure. Lastly, is to validate the results from the GA.
For a similar architecture, the last two steps can be iterated to optimize a fam-
ily of different flow rate emitters. The new design methodology of optimizing

emitters can be applied to any emitters, online and inline alike.

. Optimized emitters

Jain Irrigation manufactured 50 of the optimized 8.2 lph HDPE emitters at their
industrial facility. These emitters were injection molded without significant
added costs as a result of the manufacturing constraints set during the problem
formulation stage. The tests conducted conformed to ISO guidelines for testing
PC emitters. The optimized emitter was confirmed to hav an activation pressure
of 0.15 bar. This value is close to 22% of the activation pressure measured in

other commercial designs.

Using the above described methodology, a family of three other emitter flow
rates (4,6 and 7) have been found to achieve an activation pressure of 0.2 bar

or lower in the lab at MIT.
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