A Hybrid Computational and Analytical Model of

Irrigation Drip Emitters
by
Jaya Narain

S.B., Massachusetts Institute of Technology (2015)

MA HUSETTS INSTITUTE
SSéE TECHNOLOGY

JUN 212017
LIBRARIES

ARCHIVES

Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of

Master of Science in Mechanical Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2017
(© Massachusetts Institute of Technology 2017. All rights reserved.

Signature redacted

Departmer% o Mechanical Engineering
May 12, 2017

Author .......................

Certified by........................

———

Assistant Professor of Meehan
Thesis Supervisor

Signature redacted

Rohan Abeyaratne
Chairman, Department Committee on Graduate Theses

Accepted by ...l






A Hybrid Computational and Analytical Model of Irrigation
Drip Emitters
by

Jaya Narain

Submitted to the Department of Mechanical Engineering
on May 12, 2017, in partial fulfillment of the
requirements for the degree of
Master of Science in Mechanical Engineering

Abstract

This thesis details a hybrid computational and analytical model to predict the per-
formance of inline pressure-compensating (PC) drip emitters. A verified CFD model
is used to predict flow behavior through tortuous paths. A method of extracting a
pressure scaling parameter from the CFD results for use in an analytical model is
presented. Analytical expressions that describe the bending of asymmetric rectangu-
lar membranes in inline drip emitters are detailed. These expressions are combined
with finite element analysis (FEA) describing the shearing behavior of the membrane
to model the total flow resistance through the emitter. Analytical expressions that
describe the fluid mechanics of duct and turbulent flows are used to predict the net
flow rate out of the emitter. The final model is verified for three distinct emitter ge-
ometries. The hybrid model presented in this paper has wide applicability - it can be
applied to asymmetrical emitter geometries that have tortuous paths and other com-
plex flow geometries. The hybrid model benefits from the accuracy of computational
modeling for complex flows and contact interactions, and the processing speed of an-
alytical models. Because of its accuracy and speed, the model can be used reliably
as a design tool for inline PC emitters.
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Chapter 1

Introduction

1.1 Summary of contributions

This thesis develops a hybrid analytical-computational model that describes the be-

havior of pressure-compensating (PC) inline drip emitters. The work:

e details a comprehensive model for drip emitters that has wide applicability - it
can be applied to emitters with tortuous paths or other complex flow geome-
tries, and can be applied to emitters with asymmetrical pressure-compensating

chambers

e presents new methods for condensing information from computational fluid dy-
namics (CFD) and finite element analyses of drip emitters into parameters and

functions that can be easily combined with analytical equations

e validates the model using three commercial products with very high fidelity
over a range of geometries and flow rates. The model predictions were reliably

within the 95 percent confidence interval of experimental data.

e significantly reduces processing requirements compared to a high-accuracy, purely

computational model

The hybrid model benefits from the accuracy of computational modeling and the
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processing time of analytical modeling. It has higher fidelity than a fully analytical

model and is less computationally intensive than a fully finite element model.

Using five 2.4 GHz Intel Xeon Processor cores in parallel, the hybrid computational-
analytical model presented herein can generate predictions of emitter behavior in 30
minutes. The hybrid model’s predictions are comparable in accuracy and resolution
to a solely computational model, which would require more than six hours using the

same processor.

The underlying theory illuminates the principles of fluid and structural mechanics
that tie the performance of a drip emitter to its geometry. The resulting high fidelity,
computationally-light model is a useful design tool that can be used to improve the

design of drip irrigation emitters.

1.2 Outline of content

The introduction provides background on irrigation technology and describes the

motivation and potential impact of the research.

Chapter two describes prior art on emitter design, and reviews literature on mod-

eling the behavior of drip emitters.

Chapter three details a computational fluid dynamics (CFD) model for flow through
tortuous paths, validates the CFD model, and details a methodology for condensing

the information provided by CFD into a form that can be used in the hybrid model.

Chapter four describes methods used to model the pressure-compensating mech-
anism in the emitter: the bending of a rectangular membrane in a drip emitter using
analytical methods, the deformation of a section of the membrane into a small channel

using finite element analysis (FEA), and the flow beneath the membrane.

Chapter five characterizes the overall fidelity of the hybrid analytical-computational

model and discusses possible sources of error.
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1.3 Drip irrigation: technology overview

The use of irrigation in agriculture dates to Mesopotamia in 6000 BC [1]. Irrigation
technology has been developed over thousands of years to suit various geographical
needs. Today, there are four major types of irrigation technologies: (1) surface,
(2) subsurface, (3), sprinkler, and (4) micro irrigation, or drip irrigation [2]. Drip
irrigation is a method of irrigation that delivers a steady, controlled flow of water
directly to a plant’s roots. A drip irrigation system typically consists of a network of

pipes connected to a pump, and a water and energy source (Figure 1-1).

Pipe NE‘lwor:k ’ =
; .r-*”

Emitters

Figure 1-1: Layout of drip irrigation system

Drip irrigation delivers water via emitters embedded in a network of pipes. Emit-
ters control the flow rate of water delivered to crops. This paper focuses on inline
emitters, which are embedded inside pipes and sold as part of tubing. Online emitters
are packaged and sold separately from piping and must be installed by the farmer.
Because they do not require installation, inline emitters are generally more popu-
lar than online emitter types and account for a significant majority of drip emitter
sales [3].

Emitters can be described as pressure compensating (PC) or non-pressure com-
pensating (NPC). PC drip emitters (Figure 1-2) deliver a constant flow rate over a
wide range of pressures. The activation pressure is defined as the pressure at which

the flow-compensating behavior begins (Figure 1-3). .

17



38mm

Figure 1-2: PC Inline Emitter: Jain Irrigation Turbo Cascade 2 L /hr emit-
ter. Inline drippers are embedded in pipes during the manufacturing process. Water
from the inlet flows to the start of the tortuous path, through the tortuous path, and
into a rectangular chamber that has a small channel that provides passageway though
circular lands. A silicone membrane rests inside the rectangular chamber, on top of
the lands.

Individual emitters are characterized by their activation pressure (for PC emitters)
and flow rate, and emitter performance is characterized by the variation in flow rate
compared to the manufacturer’s specification and the likelihood of clogging. PC
drip emitters typically consist of a tortuous flow path and a flexible membrane that
deforms to control the flow resistance (Figure 1-2). The deformation of the membrane
depends on the input pressure P, the pressure underneath the membrane P, and
atmospheric pressure P,. (Figure 1-4). In PC drippers, the design of the tortuous
path affects the activation pressure of the emitter and the flow rating of the emitter.

NPC drip emitters typically consist solely of a tortuous flow path (Figure 1-5). In

18



R, tortuous R,: resistance through
path resistance channel (variable)

—'\N\,‘V}/\,

Q flow rate

|+

L), '

Input Pressure, P,

Flow rate

Activation Pressure

Figure 1-3: Pressure-compensating behavior of emitters. The flow rate through
the emitter is a function of the flow resistance through the emitter. As P; increases,
the resistance through the channel R, also increases, resulting in a proportionally
lower flow rate. This pressure-compensating mechanism leads to a constant flow rate
at pressures higher than the activation pressure of the emitter.

NPC drip emitters, the design of the tortuous path dictates the flow rate behavior as

a function of pressure for the device [4].

1.4 Research motivation

Drip irrigation is advantageous because it reduces water consumption and can increase
crop yield compared to conventional methods. A study conducted in India showed
water savings between 20-40 percent and increases in yield between 20-50 percent with
drip irrigation compared to furrow irrigation, depending on the crop grown [5]. Drip
irrigation can enable farmers to grow crops under conditions where they could not
otherwise do so (e.g. with strict water constraints or in dry seasons), allow farmers

to grow a wider array of crops, and save on labor and fertilizer costs [6]. Because drip
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Patch Load: P, - P,

Uniform Load: P, - P,

Flow from end of tortuous path
into chamber under membrane

Figure 1-4: Overview of PC mechanism. After the flow leaves the tortuous path,
it enters a chamber underneath the membrane. The pressure differential across the
membrane is modeled as a uniform load over the entire area of the membrane and a
patch load over the portion of the membrane above the outlet.

irrigation delivers water and nutrients precisely, it can also help farmers transition to
higher-value crops that require careful cultivation methods. Drip irrigation has several
other benefits, like reduced sensitivity to variations in salinity and water quality due
to lower water volumes and increased protection from diseases and pests by isolating

soil wetness to the plant’s root zone [7].

Despite its benefits, drip irrigation has very low adoption rates (Figure 1-6), par-
ticularly in developing nations. In India, a developing nation with a large agricultural
sector, less than one percent of land is cultivated using drip irrigation [2]. The high
cost of drip irrigation systems is one of several major barriers to adoption. Drip ir-
rigation systems require significant pumping power to operate. The power required
depends on the minimum pressure required by the system and the flow rate through

the system, by

20



Tortuous
path

~ |Flow through pipe

Flow into inlets

Figure 1-5: NPC Inline Emitter: Turbo Excel 1.6 L /hr NPC emitters consist of
an array of inlets leading to a tortuous path. The pipe wall contains the flow within
the tortuous path. The emitters are embedded in pipes during a heat-forming process
which results in portions of the tube being pushed into the tortuous path.

W=PxQ, (1.1)

where W is the power, P is the operating pressure, and Q is the flow rate. Reducing
the pressure required to operate a drip irrigation system can significantly reduce
the power required by the the overall system, and lower costs for off-grid farmers
by enabling them to use smaller pumps, fewer panels in solar applications, and less
diesel in diesel pumps. There is a need for high-performance, low-power, low-cost
drip irrigation systems. The longer term goal of this research is to use the design tool
developed in this thesis to design PC inline drip emitters with an activation pressure

of approximately 0.10 bar, for use in energy efficient drip systems.
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Sprinkler p irrigation:
1.0 percent

Irrigation:
2.9 percent

| Surface irrigation:
96.1 percent

T

India

Figure 1-6: Global adoption rates of drip and sprinkler irrigation, data from

2]

1.4.1 Potential impact in India

In India, where electricity is heavily subsidized, energy costs are a particularly large
burden for off-grid farmers, who must use costly diesel or solar systems [8]. A drip
irrigation system using emitters of activation pressure of 0.10 bar is estimated to cost
approximately 30 percent less than (Figure 1-7) an irrigation system using emitters
with activation pressure 1 bar [9)].

In India, using energy efficient drip systems may have the greatest impact on sys-
tem cost in regions with surface water sources and poor electrification. The reduction
in energy consumption has the highest impact for farmers who have a surface water
source (Table 1.1). For farmers with groundwater sources, the driving power require-
ment is the power required to pump water from depth to the surface; improving the
energy efficiency of the drip system will have a proportionally smaller impact on their
overall energy usage.

Northeast India — particularly Bihar - has particularly low usage of electric pumps
and groundwater sources (Figure 1-8). Neighboring states Jharkhand and Uttar
Pradesh have relatively large reserves of very shallow groundwater sources [10]. Low
activation pressure drip systems may have a markedly high impact on the cost of drip

irrigation in these regions.
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Figure 1-7: Estimated costs for a drip irrigation system, data from the model
described in [9]

The income of small and mid-size farmers on-grid in India is directly affected by
the poor reliability and limited supply of power for irrigation [8]. Table 1.1 provides
the energy consumption/acre for drip irrigation systems that use emitters of activation
pressure 1 bar and 0.1 bar. In many regions in India, the average power available per
farm is not sufficient to run a drip irrigation system that has emitters activated at
1 bar, especially for farmers with groundwater sources. Drip systems with emitters

activated at low pressure could be used reliably in many more areas.

Table 1.1: Energy consumption of drip irrigation system (kW /acre), data
from model described in [9]

Depth of water source (m) Activation pressure: 0.1 bar Activation pressure: 1 bar

0 0.055 0.418
15 0.218 0.581
30 0.382 0.745
50 0.6 0.962
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Electric pump use among farms Use of groundwater as primary
with pumps, 2011 source for irrigation, 2011

. >75 percent .
>75 percent
. 50-75 percent . 50-75 percent .’.
‘ 25-50 peicenf- '-
: . B 2550 percenth
<25 percent ¥ D <25 percemt
“

No data available . No data wallal;k.-

L 3

Figure 1-8: Energy and water sources, data from [11]

1.4.2 Potential global impact

In the Middle East, municipal water facilities commonly supply limited pressure water
to farmers [13|. Low power drip systems could enable more use of drip systems among
farmers with restricted energy access or water pressure constraints.

Globally, water and energy are becoming increasingly scarce resources. Water-

saving technologies like drip irrigation are becoming more of a necessity.
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B >0.9 kW/acre
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Figure 1-9: Average electric power available per farm, data from [12]
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Chapter 2

Prior Art

Drip irrigation began over 2000 years ago, with the use of buried clay pots in China.
The pots were filled with water before burial, and the water slowly seeped through
the clay pores. The seepage rate depends on the uptake rate of water from the soil by
plants [14]. Farmers in Afghanistan began to use clay pipes for irrigation and seepage
in the 1800s [15]. The first modern plastic drip emitters were developed in Israel by
Simcha and Yeshayahu Blass. Their work eventually became the basis for the Israeli
company Netafim [16]. Other major global suppliers of drip irrigation equipment

include Jain Irrigation Ltd, Rain Bird, and Toro.

2.1 Overview of available products

There is a wide variety of existing emitter products. Major manufacturers mass pro-
duce plastic drip emitters with a variety of flow rates and designs. Non-profits and
grassroots organization have made efforts to design and distribute low-cost alterna-

tives.

2.1.1 Products made my major manufacturers

Figure 2-1 summarizes a selection of commercially available PC inline drippers made

by major drip manufacturers. Netafim is the largest global distributor of drip prod-
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ucts, followed by Jain Irrigation [17]. The following abbreviations are used in the
table: "AD" for anti-drainage, "AL" for anti-leakage, "AS" for anti-siphoning, "SF"
for self-flushing, and "SC" for self-cleaning.

Figure 2-2 summarizes the number and. type of a sampling inline PC emitters
available over a range of activation pressures. Only five of the emitters surveyed had
activation pressures lower than 0.4 bar. The activation pressure of emitters with
higher flow rates tended to be higher. The median activation pressure was 0.5 bar.
The information shows a gap in the available product space for emitters that have a

low activation pressures for a range of flow rates.

2.1.2 Non-profit and grassroots products

Several non-profits and major companies have designed low-cost drip kits specifi-
cally for smallholder farmers, called affordable micro irrigation technologies (AMITs).
These systems are generally gravity driven, and use perforated piping, extended tubes,
or bucket and drum kits in place of plastic emitters [18].

Drip kits produced by the International Development Enterprises (IDE) use piping
with punched holes and micro tubes to control water flow. The kits have been shown
to have yield increases of up to 30 percent, and reduce water consumption per area
by 30-70 percent compared to furrow irrigation. The IDE drip kits can be used
effectively on plots under 0.4 hectares [19]. A study on the marketing effectiveness
of IDE India bucket kits found that even though the cost of the system was lower
than conventional commercial products (Figure 2-1), generally smallholder farmers
still did not purchase the kits without subsidies. The farmers surveyed understood
that the IDE drip kits has limitations compared to other commercial products with
respect to long-term use and expansion potential, and were hesitant to invest in the
AMIT products [20]

Farmers who saw the utility in micro-irrigation but wanted more affordable im-
plementations have developed several innovative drip irrigation tools. Farmers in the
Madhya Pradesh and Maharashtra areas began experimenting with bicycle rubber

tubes as drip tubes. After initial experiments were unsuccessful, continued innova-
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tion eventually led to a system called Pepsee, which utilizes plastic rolls traditionally
used to make ice candy in a drip system [21].

The use of Pepsee systems has spread due to a need among farmers with stressed
water resources for an affordable, more efficient irrigation technique. For one acre of
cotton, a Pepsee system costs only 93 USD. The cost of the Pepsee and micro-tube
systems is entirely market driven, unlike the commercial systems which are affected
by subsidy structures. Pepsee systems have several limitations, including: they must
be replaced yearly, the straws are prone to clogging, uneven water distribution, and
wind blow away the tubes [21].

In Meghalaya, farmers have historically used bamboo shoots in drip irrigation
systems [22]. Some farmers also micro-irrigate using plastic tubes without emitters,
by punching varying numbers of holes in tubing to achieve more uniform flow (e.g.,
one hole at the beginning of a lateral and three holes at the end of a lateral) or by

attaching micro-tubes of varying lengths to the larger tubes.

2.2 Literature review on emitter modeling

Improving the performance of drip emitters could encourage greater adoption of the
technology and is a topic of interest in both research and industry. Understanding
the flow behavior through tortuous paths is a key component to designing improved
emitter technologies. Palau-Salvador et. al. suggested computational fluid dynamics
(CFD) analysis of tortuous paths as a powerful tool for emitter design [23]. Previous
studies on tortuous path behavior have used CFD as a tool to analyze the effects of
altering dentate geometry in flow paths [24]. Wei, at. all used CFD to characterize
the effect of rectangular, trapezoidal, and triangle labyrinth geometries [25].

Some full models of pressure-compensating emitter behavior exist in the litera-
ture. Shamshery et. al. [26] approximated the flow behavior of circular PC online
emitters that do not have tortuous paths by using analytical expressions for the de-
flection of the flexible membrane and corresponding flow restriction within the PC

emitter. Zhengying [27] modeled cylindrical inline emitters with high accuracy using
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computational fluid structure interactions (FSI) methods. Wang et. al. used FSI to
model the behavior of circular online drip emitters with high accuracy [28].

The purely analytical model published by Shamshery et. al. has very low compu-
tational time, but has some error when applied over a range of flow rates [26]. CFD
models, while accurate, can require significant user input to make robust changes to
complex geometry structures. CFD models of emitters with labyrinth flow paths and

fluid-structure interactions also require significant computational power and time.
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Vendor

Product

Name

Flow rates
(L/hr)

Pressure-
Compensating
Range (bar)

Recommended
Use

Notes

PC & PCNL:
Turbo Greenhouses,
) Cascade vegetables, Flat; AS or
e pc.pcas, | 119236 049392 orchards; PCAS: | AL
and PCNL closely-spaced
Crops
16mm OD: 1.6,
2 26 4 Greenhouses,
Jain Turbo Line 20mm OD: 1.0, 0.49-3.93 :u:g;:;;es, Cylindrical
1.6,2.6,4.3
Greenhouses,
Jain Turbo Top | 1.1,16 0.39-245 vegetables, Flat
orchards
Rain A5 PC 1.2,16,2,23, Vineyards and ;
Bird Dripline 4 A1 orchards Pt SF
Deciduous & tree
irrigation; RC: on-
UniRam 0.7,1,1.6,2.3, surface row crops; Flat; SC,
Natalim RC and AS | 3.5 054 AS: greenhouses, SF or AS
sub-surface row
crops
Greenhouses,
UniRam 0.7,1,16,23, deciduous & tree Flat; SC,
S Ll By 36 L irrigation, sub- AS, AD
surface row crops
; Greenhouses
UniRam 0.85,1.25, 2 ) 3 Flat; SC
Netafim y re 1.54 deciduous & tree ta S
HCNL 29,44 irrigation AS, AD
04(0.25-25)
0.6 (0.25 -2.5)
i 04,06,1,16, | 1.0(04-3) :
Netafim | DripNet PC 2.3,38 15 (0.4-3) Row crops Flat; SC
2,3(0.4-3.5)
3.8 (0.6-3.5)
0.6 (0.25-2.5)
DripNet PC 1.0 (0.4-3) .
Netafim | AS thick- g‘g' 18,23, | 45 (04-3) el U b
walled g 2,3(0.4-35) P
3.8 (0.6-3.5)
NetaFi " 0.7,1,16,2.33. Sub- and on- Flat; SC,
m Uniwine 5 S surface row crops SF, AS,
0.6 (0.25 -2.5)
1.0 (0.4-3) : :
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Figure 2-1: Selected commercially available inline pressure-compensating

drip emitters
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Activation Pressures of Jain, Netafim, Rain Bird, and Toro
Inline PC Drippers
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Figure 2-2: Survey of activation pressure and flow rate of emitters from
selected major manufacturers. The following abbreviations are used: "AD" for
anti-drainage, "AL" for anti-leakage, "AS" for anti-siphoning, "SF" for self-flushing,

and "SC" for self-cleaning
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Chapter 3

CFD Model of Tortuous Paths

The flow of water through the tortuous path in a drip emitter (Figure 1-2) has high-
and low- velocity regions, recirculation zones, and strong wall effects. While these
behaviors are difficult to model analytically, CFD can accurately describe the flow in
a tortuous path. The information and insights obtained from CFD are used in the
hybrid computational-analytical model of inline PC drip emitters presented in this

thesis.

3.1 Model overview

Flow behavior of water through tortuous flow paths was modeled using the ANSYS
CFX 16.0 package. NPC emitters (Figure 1-5), which consist only of an inlet system
and tortuous flow path, were used to verify the capability of the CFD model to
provide accurate results. The model geometry consisted of a single drip emitter, that
had tortuous flow paths with dimensions equivalent to those of Jain Turbo Excel Plus
0.75, 1.6, and 4 L/hr emitters.

In NPC drippers, the tubing itself provides part of the wall that bounds the flow
through the tortuous path. An inflation layer was used in the mesh at the interfaces
between the fluid and emitter walls and between the fluid and piping to accurately
model the flow near the walls. An inflation layer is a fine, controlled mesh near a

wall that can capture the large gradients in flow properties characteristic of boundary
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layers. The walls were modeled as smooth. A minimum element size on the faces
of the fluid in contact with the dripper of 1.8 x 1074 m was used to ensure a mesh
sufficiently fine to capture the flow behavior. Test runs with smaller element sizes
converged yielding the same results as runs with the cited element size. A shear
stress transport model (SST) was used for turbulence, because flow separation and
eddy formation in the flow path was expected.

A boundary condition of total pressure was set at the pipe inlet. Total pressure
represents the pressure in the irrigation pipe before the flow enters the emitter, and
was used as an independent variable. The inlet flow was defined as normal to the pipe
inlet with medium turbulence. A boundary condition of average atmospheric static
pressure was set at the dripper outlet.

The dimensions in the model were based on Turbo Excel Plus NPC inline emitters
currently manufactured and distributed by Jain Irrigation. In the manufacturing
facility of Jain Irrigation, a polyethylene tubing is heat-formed around a moving
line of inline emitters. The heat-forming process results in portions of the tubing
pushed into the tortuous path, altering the flow path dimensions. This obstruction
was modeled as a 1.5 * 1074 m reduction in the depth of the tortuous path based on
the author’s measurements of 0.75, 1.2, and 4 L/hr NPC Turbo Excel Plus dripline
currently sold by Jain Irrigation.

Figure 3-1 shows a visualization of the flow through the emitter as computed by the
model. This visualization is consistent with images published by Jain Irrigation [29]
and Wei [25]. The bulk of the flow moves through the center of the flow path. Lower
velocity recirculation zones are formed in the teeth of the labyrinth. Dependent on the
flow velocity in the zone, recirculation zones may prevent sedimentation of particles

that could clog the emitter, or may increase clogging potential [25].

3.2 Experimental set-up

To validate the model, experiments were conducted in the laboratory to characterize

the performance of inline drip emitters. The inline emitter flow rates were measured
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Figure 3-1: Velocity of flow in a tortuous path, computed using Ansys CFX.
Flow enters the emitter through a row of rectangular inlets that lead directly to the
tortuous path.

by flowing water of controlled pressure through 0.75 and 4 L/hr Jain Turbo Excel
Plus driplines, measuring the pressure in the pipe near the inlet of the dripper using
a pressure gauge, and measuring the flow rate out of the dripline using a graduated
cylinder and timer (Figure 3-2). 1.6 L/hr drip emitters were not available for testing.
Propagation of uncertainty was used to calculate the 95 percent confidence intervals

for the experimental data.
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3.3 CFD model fidelity

Figure 3-3 compares the results of the CFD model to experimental results and shows
the geometry of each emitter. Figure 3-3 also reports the 95 percent confidence
interval for the experimental measurements, which ranged from 0.23 to 0.40 L /hr for
the 4 L/hr emitter, and from 0.06 to 0.15 L/hr for the 0.75 L/hr emitter. 1.6 L/hr
emitters were not available for testing.

The coeflicient of variation (cv) expresses the expected variation of flow rates
among emitters of the same design due to manufacturing variations. The cv value
for the tabulated data [29] for the 1.6 L /hr NPC emitter was estimated using exper-
imental data published by the Irrigation Training and Research Center [30]. Based
on these data, the cv for the 1.6 L/hr dripper was approximated as 8 percent.

The flow rate behavior as a function of pressure predicted by the CFD model
(Figure 3-3) reliably overlapped with the 95 percent confidence interval of the exper-
imental data, validating the CFD model predictions.

3.4 Scaling parameter based on path geometry

The primary objective of this thesis is to develop an accurate, computationally effi-
cient model of PC emitters. Since PC emitters have other key design attributes in
addition to a tortuous path (Figure 1-2), it is more difficult to experimentally verify
the CFD model using PC emitters with existing hardware. The tortuous path is the
only major flow control feature in NPC emitters. Since the CFD model is accurate for
NPC emitters (Figure 3-3), it can also accurately predict flow behavior through the
tortuous path in a PC emitter. PC emitters have similar architectures as NPC emit-
ters. PC emitters generally have a membrane and pressure-compensating mechanism
after a tortuous path, whereas NPC emitters have simply an outlet after a tortuous
path (Figure 3-4).

Flow through PC and NPC emitters can be represented symbolically as electrical

circuits (Figure 3-4). In an NPC emitter, the two major resistances are R;, the
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resistance through the inlet and tortuous path; and R,, the resistance through the
rectangular passage after the path and the outlet. In an PC emitter, the two major
resistances are R;, the resistance through the inlet and tortuous path; and R, the
variable resistance through the pressure-compensating chamber after the path (Figure
1-2) and the outlet. In both PC and NPC emitters, Ry << R;. The circuit is

analogous to a voltage divider, and the pressure P, in an NPC emitter is given by

R,

Pr= Pl(Rl + R,

). (3.1)

This expression can be rewritten to show that the ratio P;/P; is a constant, denoted

by Kpen. That is,

P 1
- = —2 = ath s (32)
P (Rllj-fﬁ) ’
or,
Py
P, = . 3.3
2 Kpath ( )

This expression describes the affect of the tortuous path on the flow independently
of the flow rate of fluid through the path, a parameter that is difficult to compute
or measure. This expression is a reasonable simplification when R, is a variable
resistance - as in a PC emitter - for R; significantly larger than R,. Over the range of
pressures of interest for drip emitters, the resistance through the tortuous path, R,
is the dominating resistance in both PC and NPC emitters. As such, this expression
can be used to reasonably approximate K,q, in PC emitters. The overall fidelity of
the model and a discussion of its assumptions and limitations is presented in a later
section. Equation 3.3 can be used to condense the simulation results into a single

parameter that can be used in the hybrid model of PC emitter behavior.

37



The verified CFD model described in Section 3.1 was used to analyze the flow
through tortuous paths of the Jain PC Turbo Cascade 1.1 L/hr, 2 L/hr and 3.8 L/hr
emitters. A virtual sensor was placed at the end of the tortuous path to measure
the pressure of the fluid at the end of the path, immediately before entering the
chamber under the membrane. The simulation was run for sixteen distinct values of
Py, ranging from 0.1 to 1.6 bar, for each emitter geometry. The calculated scaling

parameters with standard deviation for each emitter geometry are summarized in

Table 3.1.

Table 3.1: Summary of average scaling factors, K., standard deviations cal-
culated using CFD simulation results for sixteen input pressures for each PC inline
emitter path geometry

Emitter flow rate (L/hr) Average scaling factor Standard Deviation

3.8 2.330 ~0.00040
2 2.772 0.0039
1.1 2.772 0.0011

The standard deviations on the scaling parameters were exceptionally small, sig-
nifying that the calculated value of the scaling factor is precise. The scaling factor
for the 3.8 L/hr was the lowest. This means that the pressure drop in the tortuous
path in the 3.8 L/hr emitter is less than the pressure drop in the paths for the 2 and
1.1 L/hr emitters. This result was expected because the path in the 3.8 L/hr emitter
is wider and has fewer turns than the paths in other emitters (Figure 3-5). Despite
differences in path gedmetry, the scaling factor for the 2 and 1.1 L/hr emitters were
identical. It is hypothesized that this similarity is due to differences in recirculation
between the two emitters (Figure 3-5). The 2 L/hr emitter has a wider flow path and
fewer turns than the 1.1 L/hr emitter. However, the 1.1 L /hr emitter has significantly
less recirculating flow than the 2 L/hr emitter. The relatively small proportion of re-
circulating flow in the 1.1 L /hr emitter may contribute to a smaller scaling factor for
the emitter than would otherwise be expected in a tortuous path.

Because the standard deviation between measurements is so small, the scaling

factor can be reliable determined by simulating the flow at only one input pressure.
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Traditionally, the flow behavior through a tortuous path is characterized by fitting
complex polynomial or exponential functions to a curve of flow rate as a function of
pressure [27], [31]. Generating a full curve requires significantly more computational
time than simulating the flow at only a single point. Simulating flow at only one
input pressure took approximately ten minutes; simulating flow at multiple pressure
to generate curves, as in Figure 3-3, took approximately four to six hours, dependent
on the geometry of the path.

The method described in this thesis to encapsulate results from CFD describing
flow behavior through tortuous paths requires simulation at only one input pres-
sure. This significantly reduces the computational requirements to characterize flow
through tortuous paths, as compared to typical methods which need information from

a range of pressures to generate a curve [27], [31].

3.5 Sensitivity analysis of K, on geometry

The parameter K,y is a function of the geometry of the tortuous path. A sensitivity
analysis was conducted to better understand how the design of the path affects the
scaling pardmeter. Six independent variables were identified that fully determine the
geometry of the path (Figure 3-6): t, the triangle base width; y, the overlap between
teeth; h, the triangle height; D, the trapezoid width, x, the depth of the path, and
N, the number of turns

The base value for each variable was defined as its dimension in the 2 L /hr Turbo
Cascade. The value of one variable was changed, while the values of all other vari-
ables were kept at their base values. The actual dimensions of the Turbo Cascade
emitter are proprietary, and are labeled as 'base’ in the tables and charts below. The
alterations are defined by their deviation from the base value.

The results of the sensitivity analysis are summarized in Table 3.2 and Figure 3-7.
The value of K, decreases as the width of the triangle decreases. As the size of the
triangle decreases, the magnitude to which it obstructs the flow path decrease.

Decreasing the height of the triangle - while maintaining all other variables at
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constant values - resulted in an increase in K,u,. This is likely because since y
remained constant, the overall width of the flow path decreased, resulting in larger
flow resistance. Increasing the height of the triangle also cause K,y to increase.
This is likely because the longer triangle had a greater intrusion into the flow path,
resulting in larger flow resistance. Greater resolution in the sensitivity analysis is
needed to better understand this design trade-off.

In the base design, there is positive gap y between the tips of the teeth. At the
design point y — 0.25, there is no gap and no overlap between the tips of the teeth.
At the design point y — 0.5, the tips of the teeth overlap. Having either a positive
gap or overlap between the tips of the teeth correlates to a higher value of Kpu.

Within the range of values tested, Kpq, had relatively low sensitivity to D and
Z. Kpen was most sensitive to N. As N decreased, the flow path shorter and less

tortuous, and K, also decreased.

Table 3.2: Sensitivity of K., on tortuous path geometry

N D i Yy h Z K, path

Base Base Base Base Base Base 2.77

—6 Base Base Base Base Base 241
—12 Base Base Base Base Base 2.19
Base —0.1 Base Base Base Base 2.76
Base —0.2 Base Base Base Base 2.77
Base Base —0.2 Base Base Base 2.76
Base Base —0.5 Base Base Base 2.46
Base Base Base —0.25 Base Base 2.53
Base Base Base —05 Base Base 2.85
Base Base Base Base —0.5 Base 2.67
Base Base Base Base +0.25 Base 2.79
Base Base Base Base Base —0.15 2.55
Base Base Base Base Base +0.15 2.71
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Figure 3-2: Experimental set-up for testing the flow rate as a function of
pressure for drip emitters
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Figure 3-3: CFD model verification. Flow rate behavior as a function of pressure
as predicted by the CFD model, datasheet values published by Jain, and experimental

data collected by the authors.
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Figure 3-4: Circuit analogy of flow resistance in PC and NPC emitters. NPC
and PC emitters have two major resistances: R, the resistance through the tortuous
path and R, the resistance after the path. In PC emitters, R, is a variable resistance.
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Figure 3-5: Flow visualizations generated using ANSYS for flow through
tortuous paths in Turbo Cascade 1.1, 2, and 3.8 L/hr inline drip emitters.
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Chapter 4

Description of pressure-compensating

behavior

In a PC emitter, after the flow passes through the tortuous path, it enters into a
chamber underneath a silicone membrane (Figure 1-4). To pass from the tortuous
path into the chamber, the flow must undergo two 90 degree turns as it moves through
a small chamber between the emitter and the pipe. The minor losses associated with
these turns are accounted for in the flow modeling section.

The water enters the chamber underneath the emitter at a pressure P, that is much
lower than the input pressure P, of the flow entering the emitter above the membrane.
The outlet (Figure 1-4) is open to atmospheric pressure, F,. The resulting pressure
differentials across the membrane cause the membrane to deflect (Figure 4-1). As P,
increases, the membrane deflects further and further into the chamber until it hits
the lands at pressure P;. For pressures greater than Py, the flow must move through
the small channel that passes through the lands to reach the emitter outlet.

After the membrane touches the lands, the lands apply a contact force on the
membrane. For P, > Py, the membrane deforms into the channel [26]. The magnitude
of obstruction is a function of the input pressure P;. At higher input pressures, the
magnitude of deformation is greater, leading to a higher flow resistance in the channel.
Because the flow resistance is greater for greater input pressures, the emitter pressure-

compensates. For a range of pressures beginning with the activation pressure, F,,
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Figure 4-1: Cross-sectional view of the pressure-compensating chamber in
an inline drip emitter

water leaves the emitter at a constant flow rate (Figure 1-3).

4.1 Membrane bending for P, < Pp,

Before the membrane touches the lands, the loading on the membrane can be modeled
as the linear superposition of a uniform load and a patch load (Figure 4-2). The
membrane was modeled as a rectangular plate with four simply supported edges.
The dimensions of the membrane were taken as the distances between each set of
parallel supports. The membrane is the same size in the 1.1, 2, and 3.8 L/hr Turbo
Cascade emitters and has length a of 7.0 mm, width b of 12.0 mm, and thickness h
of 1.15 mm. The membrane is made of silicone rubber and has a Young’s modulus E

of 0.8 * 108 Pa, a shear modulus G of 6 = 10° Pa, and a Poisson’s ratio v of 0.48.

The uniform load is due to the loading P, — P, across the surface of the membrane.
The patch load is due to the additional loading P, — P, over the emitter outlet where

the membrane is exposed to atmospheric pressure (Figure 1-4).

The deflection of the membrane due to the uniform load, wyniform. can be modeled

using a Navier double series solution [32],
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Figure 4-2: Loading on membrane for P, < P;. Before the membrane touches
the lands, the loading on the membrane can be modeled as the superposition of a
uniform load and a patch load.

16(P, — Py) sinZsin 2 sin 3%%sin 7 sin ZEsin 3—-5*5 sin #TZgin 3—23
wunifarm(w, y) = D6 ( * 9 12 + 1 0 \2 + 9 9 2
n (2 - ,,z) 3z + ) 3(zz + 32) 9z +32)
(4.1)
D is the flexural modulus of the membrane, and is given by Equation 4.2.
Eh?
D=—— 4.2
12(1 — v?) (2)

Though the emitter outlet is circular, for symmetry the patch was approximated
as a rectangular patch of the same area as the circular outlet (Figure 4-2). The
deflection of the membrane due to the patch load, wyuch, can also be modeled using

a Navier double series solution [32],
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where 7, &, u, and v are defined in Figure 4-2.

The Navier double series solutions assume linear behavior. Material tests were
conducted by the research team on silicone rubber using ASTM D412 [33] as a guide-
line. Figure 4-3 shows the results of the tests, and the range of dimensionless loading
relevant to drip emitters. While the material shows strain softening for large load-
ings, the behavior of the membrane in the range of interest is linear, justifying the
use of the Navier double series solutions to model the bending of the membrane in
the emitter. Because the models are linear, they can be superimposed. The total

deflection of the membrane, wpe,q, before touching the lands is given by

Whend = Wuniform + Wpatch - (44)

4.2 Membrane bending for P, > P;,

For P, > P, the membrane is in contact with the lands (Figure 4-2). The lands
exert a contact force on the membrane, constraining the deflection along the lands.
The contact force can be approximated as a partial circular line load applied at
the inner land diameter. The deflection profile imposed by a circular line load on
a rectangular membrane is asymmetric. To the author’s knowledge, no expressions
exist in literature suitable for modeling the circular lands force as a line load on the

rectangular membrane.
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Figure 4-3: Experimental results for a rubber tensile test. Dimensionless de-
flection as a function of dimensionless loading for silicone rubber, where ¢ is the
loading applied during the test, w,,,, is the measured maximum deflection, b is mem-
brane length, D is the flexural modulus of the membrane, and A is the membrane
thickness.

The line load along the lands was approximated as a series of concentrated loads
(Figure 11). The deflection of a rectangular membrane, won., due to a concentrated

load Fjg,qs at (n,m) is given by the expression

P TN T o . in 3TN Tm ;
AFgngs SINTFSIN SR qr  wy  sin=hsin Bt 3wz . my

Sin —sin — + Sin sin —
T
sin “sin % mr . 3wy sin %sin gﬂb’_”: . T
3Ly 52 b YERERY sin sin ; ). (4.5)
(zz +52) a (431 a

Weone (:Ca y) =

sin —sin +
{1.2

The deflection at each coordinate (z,y) along the lands is known based on the
geometry of the emitter. For P, > P, the deflection along the lands must equal the
distance between the surface supporting the membrane and the top surface of the

lands, hj4nq (Figure 4-1). The value of Fj,,4, at each point along the lands can be
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solved for using the compatibility condition

Concentrated load applied at
each point along circle

Figure 4-4: Contact force between membrane and lands. The contact force
between the membrane and lands can be modeled as a series of concentrated forces.
Each dot in the dotted line represents a location at which a concentrated force was
applied.

Ewcmc(-rtands: ylands) + wbend(mlandsa ylands) = hland' (46)

A series of concentrated loads was applied along the lands. No loads were applied
along the width of the channel (Figure 4-4). The number of concentrated loads
applied along the lands was increased until the behavior of the membrane converged
at seventy-two loads.

A derivative-free optimization method was used to find the set of Fj,,4, that best
satisfied the compatibility condition. Given an initial guess for the vector Fj,,4s, the
deflection at each point (z,y) along the lands due to the uniform load, patch load, and
each concentrated load was calculated. The error at each point (z,y) was taken as
the difference between the calculated deflection and h,,4. The objective function was
defined as the sum of the errors at each point (z,y) along the circle. The optimization

found the set of Fj,,4 that minimized the objective function. The optimization was
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completed for each applied P, > P;.

Figure 4-5 illustrates the deflection of the membrane due to wpend, LWeone, and the
total bending due to wpeng and Zweone. Tracing the combined loading curve confirmed
that the compatibility condition along the lands was satisfied. The addition of the
contact force along the lands changed the shape of the deflection profile. Inside the

inner diameter of the lands, the membrane curved upwards slightly.
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Figure 4-5: Bending deflection visualization immediately after the mem-
brane touches the lands in a 2 L /hr inline drip emitter

4.3 Membrane obstruction into channel for P, > P;

After the membrane contacts the lands, it begins to deflect into the channel. The total
deflection of the membrane is the greatest at the center of the membrane near the
outlet of the emitter. As the applied pressure increases, the membrane deforms into
more of the channel. The deformation of the membrane into the channel effectively
increases the length of the channel through which the flow must pass. As the input
pressure increases, the cross-sectional area of the channel also decreases. This is the
primary source of the increasing flow resistance that causes pressure-compensating
behavior.

A recent study on online PC emitters [26] used thick beam theory to model the
shearing behavior of a section of the membrane into the channel. The thick beam
model for a clamped beam was used in the hybrid model as a basis, in order to

approximate the cross-sectional profile of the membrane across the channel width.
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Finite element analysis was used to scale the profile to accurately model the magnitude
of the obstruction.

The length of the beam was the width of the channel, w,; the width of the beam
was the length of the channel [ ;; and the thickness of the beam was the thickness of
the membrane h. From hyperbolic shear deformation theory, the deflection, wpeqm, of

a clamped thick beam due to bending and shearing is given by [34]

wom(ay) = PP 2t oa® ot B(P - Puuf z
beam\T> Y) = 2Eh3 wgh wg’h wgh 5 Gh Weh 'wfh
Aw L
s S ) W
cosh %<k

The constant X is given by the expressions

. 12GCy , By

= — — A 4.
EhvaO/(AU 0)? ( 8)
1 1 1
A? = cosh = — 12(cosh = — 2sinh - 4.9
cosh 5 (cos 5 2sinh 2), (4.9)
1 1

By = coshQ(%) + 6(sinh(1) — 1) — 24 cosh T(COShE — 2sinh %), and (4.10)

1 1 1
By = cosh®(3) + 5 (sinh(1) + 1) — 4cosh Zsinh % (4.11)

The study by Shamshery and Winter [26] linearly superimposed the predicted
bending and shearing deformations for the thick beam with the bending deformation
of the membrane. In this study, the thick beam model only was used to provide
a linear basis upon which to apply correction functions derived from finite element
analysis. The thick beam model assumes that the span/depth and span/width ratios
of the beam structure are significantly large to justify modeling the structure as a
beam. Models for beams of relatively great depth and width become considerably
less accurate for span/depth ratios less than 3 [35]. The section of the membrane
that shears into the channel has a span/depth ratio of 0.5, which is considerably less

than the lower bound of the recommended range for beam modeling.
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Finite element simulations can be used to provide more accurate estimates on
how the membrane deforms into the channel. A finite element model of a membrane
shearing into a channel was built using ANSYS Mechanical 16.0. The membrane was
modeled as a neo-Hookean solid. The model used a rectangular mesh of shell elements
and defined a frictional contact with Gauss point detection between the membrane
and lands structure. Figure 4-6 shows the maximum deflection of the membrane as

a function of pressure, as compared to the thick beam model.
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Figure 4-6: The maximum deflection along the channel increases nonlinearly
with pressure

To incorporate the information from the finite element simulation into the hybrid
model, the results from FEA were used to define correction functions to apply to
the linear predictions of the thick beam model (Figure 4-7). Figure 4-8 shows the
correction functions used for the 2 L/hr emitter. The finite element model was used
to find the percentage of the channel into which the membrane was deformed and the
average deflection of the membrane over only that portion of the channel, for a wide
range of pressures (Figure 4-8). The scale factor was defined as the ratio between the
average deflection of the portion of membrane obstructing the channel, as predicted
using FEA, and the deflection predicted by thick beam theory (Equation 4.7).

The resulting correction functions (Figure 4-8) were used in the hybrid analytical-
computational model for the geometry and flow resistance through the channel with

high accuracy for P, > P;. The thick beam model predicts a linearly increasing
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deflection with pressure. The scaled deflection profile as a function of pressure was

approximately parabolic, as in the finite element results (Figure 4-6).
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Figure 4-7: The hybrid-analytical model incorporates results from FEA sim-
ulations using scaling relationships
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Figure 4-8: Scaling functions describing membrane obstruction into channel.
Polynomials were fit to results from the FEA model to create expressions for a scaling
factor and percent channel shearing as a function of pressure. The finite element
model was used to find the percentage of the channel into which the membrane had
sheared and the average deflection of the membrane over only that portion of the

channel.

4.4 Flow Modeling

After the fluid passes from the tortuous path into the chamber under the membrane,
the flow through the channel and out of the emitter outlet was modeled analytically.

The analytical model of online emitters by Shamshery and Winter [26] used the
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Darcy-Weisbach equation to model the flow under the channel. The Darcy-Weisbach
equation for flow through a duct gives [36]

1 fL

= Zp— p(vdarcy)2
2D,

(vdarcy)2 + —_—EKminorloss~ (412)

P2_Pa 2

In this expression f is the friction factor, L is the length of the duct, and Dy
is the hydraulic diameter of the duct. K,,inorioss are the minor loss coefficients for
irregularities in the duct geometry. In this model, minor losses for the low moving
out of the labyrinth, into the chamber underneath the membrane, into the channel,
and through the outlet were accounted for. The magnitude of K, inori0ss depends on
the diameters of the passageway before and after the change in duct dimension and

can be estimated using the expression [36]

D

D—%)Q. (4.13)

Kminorloss = (1 -

The variables f and Dy, depend on the cross-sectional profile and area of the duct
and were calculated by integrating along the duct profile, defined by the expressions
for the bending and shearing of the membrane described earlier. f was calculated
implicitly using the Colebrook interpolation formula [36] using an absolute roughness

of 0.0015 mm, estimated from the literature for drawn plastic pipes [37], [38],

1
f

G/Dh 2.51
+ T
3.7 Rep, f2

= —2.0log( ). . (4.14)

N

CFD simulations of channel-scale flow by the author shows that the Darcy-Weisbach
equation for duct flow has large inaccuracies for flows of this scale. It is hypothesized
that this discrepancy is due to the significance of shear stress and boundary layers
in flows through the emitter. The Law of the Wall [36], which accounts for shear

stresses in the flow adjacent to the wall, was applied to more accurately model the
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flow. Taking vg,.c, as the velocity in the center of the duct, the average velocity, vg.g,

through the duct was found using the equations:

ar 1 *D

Ydarey _ _ ln(v )+ B, and (4.15)
v* K 2vy
Vas 9 441n(S2h) 4 1.34, (4.16)
v* 2vy

where v* is the friction velocity of the flow, v; is kinematic velocity of the ftuid, and

% and B are dimensionless constants with values of 0.41 and 5.0 respectively.
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Chapter 5

Results and Conclusions

The methods outlined in chapters 3 and 4 were combined into a hybrid computational-

analytical model that fully describes the behavior of PC inline drip emitters.

5.1 Model results

The hybrid computational-analytical model was used to predict flow rate as a function
of pressure for three models (1.1, 2, and 3.8 L/hr) of the Turbo Cascade PC emitter.
The inline emitter flow rates were measured (Figure 3-2) by flowing water of controlled
pressure through drip tubing with 1.1, 2, and 3.8 L/hr embedded inline emitters,
measuring the pressure in the pipe near the inlet of the dripper using a pressure
gauge, and measuring the flow rate out of the dripline using a graduated cylinder and
timer. Figure 5-1 compares the results of the CFD model to experimental results and
shows the geometry of each emitter. Figure 5-1 also reports the 95 percent confidence
interval for the experimental measurements, which ranged from 0.30 to 0.40 L /hr for
the 3.8 L/hr emitter, from 0.21 to 0.26 for the 2 L/hr emitter, and from 0.14 to 0.24
L/hr for the 1.1 L/hr emitter.
The flow rate behavior as a function of pressure predicted by the hybrid computational-

analytical model (Figure 5-1) reliably overlapped with the 95 percent confidence in-
terval of the experimental data, validating the model predictions. Aggregated data on

emitter performance published by Jain Irrigation [39] are similar to model predictions
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and experimental data (Figure 5-1). Due to limitations of the experimental set-up,
no data could be collected in range 0-0.32 bar with the 3.8 L/hr emitter, 0-0.3 bar
with the 2 L/hr emitter, and 0-0.23 bar with the 1.1 L/hr emitter.
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Figure 5-1: Flow rate behavior as a function of pressure as predicted by the

hybrid computational-analytical model, and experimental data collected
by the author.

5.2 Discussion

The hybrid computational-analytical model accurately predicted pressure-compensating
behavior and the flow rate of three distinct emitter geometries. The model has a
wider range of applicability than published analytical models, in that it accounts

for flow behavior through tortuous paths, and pressure-compensating mechanisms
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that include asymmetrical membrane deformation and flow channel obstruction. The
hybrid model has improved accuracy when compared to the only published purely
analytical model [26].

In order to incorporate the results from CFD and FEA into the model, some sim-
plifications were made. The flow resistance after the tortuous path was approximated
as constant to calculate the path scaling parameter. Additionally, an averaged repre-
sentation of the obstruction of the membrane into the channel was used (Figure 5-1).
The contact force between the membrane and the lands was also approximated as
a series of concentrated loads; in actuality, the contact is a continuously distributed
load applied on an increasing area. While the Law of the Wall improved the accu-
racy of the flow rate as predicted by Darcy-Weisbach, the analytical expressions are
still a simplified representation of the actual flow behavior. These approximations
contribute to some error in the model.

Generating the high-resolution CFD model predictions for a given path geome-
try presented in Figures 3-3 took four to six hours using five 2.4 GHz Intel Xeon
Processor cores in parallel, dependent on the geometry of the path. Modeling the
contact between the membrane and the lands, and coupling the fluid-structure in-
teractions in a computational model would add significantly more to this time. The
computational time required to fully model an emitter makes model-based design
optimization extremely time and resource intensive. Using the same processor, the
hybrid computational-analytical model presented herein can generate predictions of
the same resolution in approximately 30 minutes and can be used to optimize and

iterate designs much more efficiently than full CFD simulations.

5.3 Conclusions and future work

CFD and FEA are powerful but computationally intensive methods of modeling the
behavior of inline drip emitters. The involved user input needed to change emitter
geometry, and the long processing time to run simulations make it difficult to opti-

mize the designs of drip emitters with tortuous paths and complex geometries using
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only computational models. Using a hybrid computational-analytical model signifi-
cantly reduces the computational time required to model and optimize the behavior
of PC inline drip emitters while maintaining a high level of accuracy. The model and
techniques presented in this thesis can be used with a wide range of geometries.
This method can be used to improve the design of inline drip emitters to lower
the activation pressure and material costs associated with manufacturing the emitter.
The tortuous path scaling parameter and dimensions of the pressure-compensating
chamber could be used as variables in an optimization to minimize the emitter acti-
vation pressure, volume of material in the emitter, or otherwise improve the design of
an emitter. Future work on this topic should include a range of design optimization,
and a broad model to predict the analytically predict the flow behavior through a

variety of path geometries.
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