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This study presents the design and validation of on-line pressure-
compensating (PC) drip irrigation emitters with a substantially
lower minimum compensating inlet pressure (MCIP) than com-
mercially available products. A reduced MCIP, or activation
pressure, results in a drip irrigation system that can operate at a
reduced pumping pressure, has lower power and energy require-
ments, requires a lower initial capital cost, and facilitates solar-
powered irrigation systems. The technology presented herein can
help spread drip irrigation to remote regions and contribute to
reducing poverty, particularly in developing countries. The acti-
vation pressures of drip emitters at three flow rates were mini-
mized using a genetic algorithm (GA)-based optimization method
coupled with a recently published fluid–structure interaction ana-
lytical model of on-line PC drip emitter performance. The optimi-
zation took into account manufacturing constraints and the need
to economically retrofit existing machines to manufacture new
emitters. Optimized PC drip emitter designs with flow rates of 3.3,
4.2, and 8.2 lph were validated using precision machined proto-
type emitters. The activation pressure for all was �0.2 bar, which
is as low as 16.7% that of commercial products. A limited produc-
tion run of injection molded 8.2 lph dripper prototypes demon-
strated they could be made with conventional manufacturing
techniques. These drippers had an activation pressure of 0.15 bar.
A cost analysis showed that low MCIP drip emitters can reduce
the cost of solar-powered drip irrigation systems by up to 40%.
[DOI: 10.1115/1.4038211]

1 Introduction

The objective of this study was to design and validate a suite of
on-line pressure-compensating (PC) drip irrigation emitters with a
substantially lower minimum compensating inlet pressure (MCIP)
than commercially available drip emitters. PC drip irrigation sys-
tems use a unique drip emitter design to maintain a constant flow
rate above the MCIP across a wide range of inlet pressures. PC
behavior is advantageous because it results in a uniform distribu-
tion of water throughout a field, which helps maintain the optimal
moisture content in the soil for all crops and ensure minimal water
losses. While non-PC emitters are less expensive and can deliver
relatively uniform flow for small fields, irrigation of larger fields
(our target is �1 acre), which contain longer pipes with greater

pressure drop, requires pressure compensation. Reducing the
MCIP of drip emitters lowers the required pumping pressure,
power, and capital cost of a drip irrigation system, which will
make the technology more accessible to farmers throughout the
world, particularly in developing countries.

Drip irrigation, compared to rainfed and flood irrigation, has
been shown to increase yields for some crops by 20–90% while
reducing water consumption by 30–70% across several regions in
South Asia and East Africa [1–3]. Drip systems achieve this by
applying water directly to the plant root system at a controlled
flow rate through a series of drip emitters. Drip irrigation has also
been shown to reduce fertilizer usage by up to 40%, to enable the
growth of water-sensitive cash crops in areas where these crops
would not normally be viable [1–4], and to produce labor savings
due to reduced intercultivation tasks and automation capability
[5,6]. Irrigation is one of the most effective means of lifting poor,
subsistence farmers out of poverty by enabling them to grow more
and higher-value crops [7–10].

In spite of these benefits, there are several constraints to the
widespread adoption of drip irrigation. One major barrier is the
high initial capital and operating cost of the drip system, particu-
larly in off-grid or limited grid settings where most small and mar-
ginal farmers live [7–11]. One of the largest drivers of capital cost
in a drip system (and recurring cost in diesel-powered systems) is
the pumping cost. Pumping is required to overcome pressure
losses in the filters, fittings, and piping (typically <0.6 bar
[12–14]), to overcome the MCIP of PC drip emitters (typically
�0.8–1 bar), and to pump water from the water source to the drip
system. If surface water is assumed as the water source (water
depth< 5 m, which is true for 63% of irrigated farms globally
[15]), then the typical operating pumping pressure of the entire
PC drip system is �2 bar [12–14], over 50% of which is used to
overcome the MCIP. Reducing the MCIP can therefore be a
highly effective way to reduce required pumping pressure, which
will lower power and energy requirements and lower the initial
capital cost of drip irrigation systems, reducing a major barrier to
global dissemination. A drip irrigation system requiring less
pumping pressure is also more amenable to fully off-grid pump
systems, which can help spread drip irrigation to remote regions
and contribute to reducing poverty.

Pressure-compensating behavior is achieved through the com-
plicated fluid–structure interaction between a thin membrane and
the flow channels within an emitter. Dripper architectures fall into
two general categories: on-line emitters, which are typically
installed on the outside of a pipe and can be placed to accommo-
date unevenly spaced crops; and in-line emitters, which are
embedded directly into a pipe at fixed distances, allowing for
rapid installation. The behavior of PC on-line drip emitters was
recently analytically described using an iterative coupled
fluid–structure interaction model, which took into account the
membrane deflection and its interaction with the geometric flow
path features within the dripper [16]. The development and valida-
tion of this model created a tool capable of optimizing the geome-
try and design of an on-line PC drip emitter to minimize MCIP.

The present study combines the coupled fluid–structure interac-
tion model of on-line PC drip emitters with a genetic algorithm
(GA) to optimize drippers’ internal flow path geometry for mini-
mized MCIP while maintaining constant flow rate across an
expected operating pressure range. Insights from Jain Irrigation, a
major global manufacturer and distributer of PC drip emitters
based in Jalgaon, India, were used to add unique manufacturing
constraints to the optimization. These constraints include conceiv-
able dimensions of injection molded features and the need to eco-
nomically retrofit existing injection-molding machines, ensuring
that the new designs can be readily incorporated into existing
manufacturing and distribution channels. The MCIP for an 8.2 lph
dripper was minimized to 0.15 bar, which is compared to pub-
lished MCIP values of off-the-shelf products from three major
manufacturers: Jain Irrigation, Netafim, and Toro. Our dripper
was found to have an MCIP as low as 16.7% that of the competing
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products. The reduced MCIP was validated using precision-
machined prototype emitters and a limited run of injection-
molded prototypes manufactured using retrofitted molds at Jain
Irrigation, demonstrating that the new designs could be made with
existing manufacturing equipment. Our optimization method was
additionally tested at other flow rates by minimizing the MCIP for
3.3 and 4.2 lph drip emitters to �0.2 bar and validating their per-
formance using precision-machined prototypes. This paper also
presents a detailed analysis of the capital cost of fully off-grid,
solar-powered drip irrigation systems to assess the competitive
advantage low MCIP drip systems would have over currently
available technology in off-grid markets. Component price lists
relevant to global markets and specific to India were used to con-
firm that minimizing the MCIP of drip emitters could reduce the
capital cost of off-grid systems by 27% in global markets and
40% in India specifically.

2 Coupled Fluid–Structure Interaction Model Used

for Optimization

In prior work, the authors described a coupled fluid–structure
interaction model to predict the volumetric flow rate as a function
of inlet pressure in on-line PC drip emitters [16]. A summary of

this model is provided in the following paragraphs. The qualita-
tive working principle of a PC drip emitter is shown schematically
in Fig. 1. Fluid flows into the emitter through the inlet at inlet
pressure Pinlet. The fluid then flows from the top of the membrane
into the chamber under the membrane through an orifice, which is
the small gap between the self-sealing membrane and the sur-
rounding structure (Fig. 1(b)). The flow through the orifice leads
to a pressure loss and sets up the pressure loading on the mem-
brane Ploading. The fluid then flows out of the emitter to the atmos-
phere at atmospheric pressure.

As Pinlet increases, the compliant membrane deflects down until
it touches the lands (Fig. 1(d)). At this point, the fluid has to flow
around the chamber and through the channel in the lands. As the
inlet pressure increases further, the additional loading results in
the membrane shearing into the channel (Fig. 1(e)). This reduces
the cross-sectional area of the channel and increases flow resist-
ance. The two primary resistances to fluid flow are shown in
Figs. 1(d) and 1(e), with jo characterizing the fixed loss coeffi-
cient of the orifice, and jc characterizing the variable resistance of
the channel that increases with pressure.

In the coupled fluid–structure interaction model, bending of the
compliant membrane was characterized using Kirchhoff Love
plate theory and then superimposing a large deflection correction

Fig. 1 Schematic of a conventional PC on-line emitter. (a) Isometric view of a characteristic, commercial online PC
drip emitter. (b) View along the A-A plane pointing out the main topological features and listing the design variables
taken into account in the coupled fluid–structure interaction analytical model (described in the text). (c) View along
the A-A plane showing the flow path of water in the emitter for low inlet pressures. When the inlet pressure is low,
the fluid flow path is not constrained and water can flow into the inlet, through the orifice, over the lands, and out
the outlet. The fluid flow path is denoted by the dashed line with triangular arrow heads, driven by an input pres-
sure of Pinlet. The main resistance to fluid flow is through the orifice, characterized by a loss coefficient jo. The
flow of fluid through the emitter sets up a pressure differential across the membrane, as seen by the gray vertical
arrows pointing at the membrane, Ploading. (d) View along the A-A plane showing the flow path of water in the emit-
ter for high inlet pressures. As the inlet pressure increases, the compliant membrane deflects down to the lands
resulting in an upward force being exerted on the membrane by the lands, shown by the large black arrows. Once
the membrane contacts the lands, the fluid flow has to divert around the lands and flow through the channel and
out through the outlet. The main resistances to fluid flow are now both the orifice and the channel, characterized
by a loss coefficient jc. (e) View along the B-B plane showing the shearing of the membrane into the channel (verti-
cal dashed lines on the membrane) as Pinlet increases from state d, which decreases the effective channel area and
increases jc.
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factor. The plate shearing into the channel was modeled by the
shearing of a thick beam, as the ratio of length to width of the sec-
tion of the membrane pushed into the channel is always greater
than 5:1 for the relevant operating pressure range of drip emitters.
Due to the steady nature of the membrane deformation and the
fluid flow through the drip emitter, the coupled fluid–structure
interaction mechanics was characterized using a segregated mod-
eling technique. Here, the structural and fluid domains were
solved separately and then coupled at their boundary. The structure
deformation defined the flow path and the fluid pressure losses dic-
tated the pressure differential acting on the membrane, causing its
deformation. A full analytical and parametric description of the
coupled fluid–structure interaction mechanics for how the mem-
brane restricts water flow in the dripper can be found in Ref. [16].

Our coupled fluid–structure interaction model of on-line PC
drip emitters is capable of taking the following geometric design
variables as inputs (Fig. 1(b)):

x1: membrane radius (rm)
x2: membrane thickness (tm)
x3: channel width (Wch)
x4: channel length (Lch)
x5: channel depth (Dch)
x6: land to membrane clearance height (Hl)
x7: orifice size (Ao)
x8: outlet radius (rout)

The model uses these variables in an iterative fluid–structure
interaction solver to calculate the flow rate out of the emitter for a
given inlet pressure.

The robustness of this analytical model was validated using a
commercially available 8 lph on-line drip emitter and eight proto-
types that were derivatives of its design (each differing from the
commercial emitter along one of the eight parameters x1–x8) [16].
In each case, the model predicted a flow rate as a function of pres-
sure consistent with the measured values (to within R2> 0.85).
Key insights from this work were that increasing channel depth
(Dch), decreasing channel width (W), decreasing effective channel
length (Lch,eff), and increasing the maximum height of deflection
of the membrane (Hl) all lead to a measurable increase in flow
rate for a given inlet pressure. The effective channel length Lch,eff

is the length of the channel sealed by the membrane, which
increases with pressure. It was noted that an increase in orifice
size (Ao) led to a reduction in orifice losses (described by jo),
which is critical to reducing the MCIP. The development and vali-
dation of this model created a tool capable of optimizing the
geometry of PC on-line drip emitters to minimize orifice and
channel losses, and thus minimize the MCIP.

3 Optimization of On-Line Pressure-Compensating

Drip Emitter Architecture

The objective of this study was to use the coupled
fluid–structure interaction model to optimize the geometry of an
on-line PC drip emitter for lower MCIP compared to that of com-
mercially available emitters. An ideal emitter would maintain a
constant specified flow rate over the entire inlet pressure range,
and have an activation pressure of 0 bar. The optimization prob-
lem aimed to determine the set of design inputs that minimized
the deviation between the predicted flow rate of the designed
emitter and the ideal constant flow rate (Eq. (1)). The objective
function minimized the Euclidean distance between the predicted
flow rate as a function of inlet pressure for the designed emitter
and the ideal performance

J1 ¼ min
Xn

i¼1

kqideal
i � qdesign

i k
 !

(1)

Here n is the total discretization of inlet pressure, which was taken
in this study to range from 0 to 1.5 bar in n¼ 100 equal units;

qideal
i is the ideal flow rate at ith pressure discretization, which is a

constant at the nominal rated flow rate; and qdesign
i is the design

flow rate at ith pressure discretization, which is the output from
the coupled fluid–structure interaction model for the specified
geometric design variables within the emitter.

The following series of constraints were enforced to represent
realistic manufacturing and procurement constraints based on
input from Jain Irrigation [17]. They result from the requirement
of using existing injection molding machines to produce the new
designs, which can be cost-effectively retrofitted with mold inserts
for new emitter geometry. Furthermore, the dimensions of exist-
ing high-precision silicone membranes were retained, given that
these are sourced from an outside manufacturer

g1: rm¼ 5.5 mm
g2: tm¼ 1.2 mm
g3: 0.5 mm � Wch � 2 mm
g4: 0.5 mm � Lch � 2 mm
g5: 0.05 mm � Dch � 1 mm
g6: 0 � Hl � 1 mm
g7: 0.5 mm2 � Ao � 2 mm2

g8: 0.05 mm � rout � 2 mm

The following parameters enforced on the membrane material
(p) were based on measurements of membranes in commercially
available 8 lph on-line drip emitters produced by Jain Irrigation
[18].

p1: Young’s modulus (E)¼ 0.038 GPa
p2: Shear modulus (G)¼ 0.6 MPa
p3: Poisson’s ratio (�)¼ 0.48
p4: membrane material¼ silicone

A genetic algorithm-based heuristic optimization method was
used to find the global minimum of the objective function (Eq.
(1)), while obeying the dimensional constraints. A GA-based
approach was preferred over other optimization techniques
because the objective function is a discontinuous function and the
constraints are nonlinear; hence, the problem is amenable to a
heuristic optimizer. Additionally, GAs are well suited for handling
integer constraints, which are necessary to take into account the
dimensional tolerances considered for injection molding. The GA
optimization toolbox in MATLAB (The MathWorks, Natick, MA)
was used. The following values for population size, mutation rate,
and crossover rate were used to conduct the optimization study

Population size¼ 500 genes
Mutation rate¼ 0.03
Crossover rate¼ 0.8
Maximum generation¼ 20

Stopping conditions were set as follows: The deviation between
ideal versus design flow rate is less than 5% OR the algorithm
runs for 20 generations.

The iterative fluid–structure interaction model combined with
the GA algorithm is shown schematically in Fig. 2. This procedure
was followed to optimize the internal geometry of three emitters
with objective flow rates (qideal) of 8, 6, and 5 lph, which were
chosen to match commercially available emitter flow rates. The
values for each geometric variable produced by the optimization
are listed in Table 1. Each emitter had an orifice with a rectangular
cross section of area Ao¼ LoWo.

4 Prototype Drip Emitter Design, Fabrication,

Testing, and Error Analysis

For each target flow rate of 8 lph, 6 lph, and 5 lph, two proto-
type drip emitters with optimized geometric values given in Table
1 were precision machined from polyoxymethylene (delrin) using
a milling machine. The combined machine resolution and tool off-
set of the computer numerical control mill was 0.01 mm. Target
dimensions were validated using optical metrology (InfiniteFocus
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measurement machine, Alicona Imaging GmbH, Graz, Austria)
and the largest variation detected was 0.07 mm.

To validate the flow rate as a function of inlet pressure in the
prototype drip emitters, the standard procedure used to character-
ize commercial drip emitters as described in the ITRC technical
report 2013 [19] was used. The prototypes were tested with this
procedure to allow for comparisons to the published performance
curves (e.g., flow rate as a function of inlet pressure) available for
commercial drip emitters. The apparatus was comprised of a water
supply capable of producing a constant inlet pressure (fully
described later) attached to a length of hose (length 3 ft, diameter
0.5 in), which was held horizontally with the target drip emitters
inserted no less than 12 in apart. The hose could be moved hori-
zontally along a track, placing each drip emitter above its own
250 mL graduated cylinder at a designated time. A stop watch was
used to measure the time required for the drip emitter to fill the
entire 250 mL volume, and the average flow rate of the emitter
was calculated to within 65%. For each emitter, the average flow
rate was measured eight times and the results averaged (standard
deviation< 10%).

The apparatus to produce a water supply at constant inlet pres-
sure was an air-pressurized tank of tap water connected to a pres-
sure regulating valve. The inlet pressure was monitored by a
Dwyer DPGW-07 (Dwyer Instruments, Inc., Michigan City, IN)

pressure gauge. Before each flow rate measurement, the flow rate
was allowed to equilibrate (discarding the output water) for 5 min
pressurized at 1 bar, and then for 1 min at each imposed inlet pres-
sure. The average flow rate of each emitter was measured in
0.1 bar increments for target inlet pressures of 0.160.05 bar to
1.660.05 bar. Throughout the experiments, the target pressure
was stable to within 60.02 bar.

The measured average flow rates as a function of inlet pressure
for the machined prototype emitters based on the three optimized
dripper geometries are presented in Fig. 3. Although the emitters
were intended to produce 8 lph, 6 lph, and 5 lph, they were experi-
mentally found to emit 8.2 lph, 4.2 lph, and 3.3 lph, respectively.
Industry standards require the flow rate above the activation pres-
sure to be within 610% of the target flow rate. In each prototype
case, the measured flow rates fall within these bounds for inlet
pressures above 0.260.05 bar, indicating that the activation pres-
sure is at or below this value. These results demonstrate that the
optimized dripper geometries did produce three distinctly differ-
ent flow rates at significantly lower MCIPs than commonly avail-
able commercial products. For each case, the theoretically
predicted MCIP was very close to the experimentally measured
value. Although there are significant deviations between the theo-
retical and experimental flow rate results, these three devices rep-
resent design innovations (which could translate into commercial
products) for novel dripper architectures that should be rated at
8.2 lph, 4.2 lph, and 3.3 lph.

There are most likely multiple sources of error, which contrib-
uted to the inaccurate theoretical predictions shown in Fig. 3. The
theory used in this study relies on an orifice loss coefficient (jo)
that was experimentally measured to be 0.95 using commercial 8
lph emitters produced by Jain Irrigation [16]. In this prior work, it
was found that increasing orifice cross-sectional area has a large
effect on reducing the activation pressure; as such, the three proto-
types designed and tested in this study had larger orifices than
Jain’s 8 lph dripper. Furthermore, the orifices had radiused corners
from the milling process. To improve the theoretical model pre-
sented in Ref. [16], jo as a function of orifice size and shape
should be experientially determined. The GA objective and nomi-
nal flow rate for the 8 lph dripper (Fig. 3(a)) are in closest agree-
ment out of the three prototypes, which may be a result of the
theory being based on Jain’s 8 lph emitter.

Manufacturing errors may have also played a role in the theo-
retical versus experimental discrepancy. Our prior publication on
drip emitter theory [16] did not consider how geometric tolerances
could affect the pressure–flow rate relationship. Figure 4 is a
modified reproduction of results from Ref. [16] showing the varia-
tion of anticipated flow rate for Jain’s 8 lph emitter over the same
pressure range investigated in this study. The modeled manufac-
turing tolerances are 60.01 mm on Dch and 60.05 mm on Wch,
which are within the expected manufacturing and shrinkage varia-
tions that could be expected for a polypropylene injection molded
part the size of the dripper [20,21]. The 6 lph and 5 lph optimized
drippers have shallower channels than the optimized 8 lph and
Jain’s 8 lph (Dch¼ 0.3 mm) emitters. This would make the lower
flow rate drippers more sensitive to manufacturing tolerances and
could have contributed to the greater error in the theory.

Since the design and optimization method presented in this
paper did successfully produce three distinct, low-MCIP emitter
architectures, these results can be used to form a correction factor
for the fluid-structure interaction model presented in Ref. [16].
Using the data in Table 1, the nominal ideal flow rates that are
predicted by the theoretical model (qideal) using the optimized
geometry can be correlated to the expected measured flow rates
(qmeasured) with

qmeasured ¼ 0:134ðqidealÞ2 � 0:056qideal (2)

Equation (2) has an intercept of 0, 0 (forcing it to realistic behav-
ior at zero pressure) and R2¼ 0.99 using the data from Table 1.
Although the fluid–structure interaction theory from Ref. [16]

Fig. 2 Optimization method. Design variables (x1–x8), con-
straints (g1–g8) and parameters (p1–p4) are input into the analyt-
ical coupled fluid–structure interaction model presented in Ref.
[16]. The model iterates between the individual structure and
fluid analytical expressions until they converge, yielding a pre-
diction of the flow rate versus pressure behavior of the dripper.
This result is then evaluated with the objective function in Eq.
(1). A GA is used to vary and test multiple sets of design varia-
bles to minimize the objective function.

Table 1 GA optimization results for geometric values corre-
sponding to emitters with target flow rates of 8 lph, 6 lph, and
5 lph, and measured flow rates of 8.2 lph, 4.2 lph, and 3.3 lph,
respectively

Variable (mm) 8 lph 6 lph 5 lph

rm 5.50 5.50 5.50
tm 1.20 1.20 1.20
Wch 1.18 1.18 1.18
Lch 1.40 1.40 1.40
Dch 0.20 0.15 0.13
Hl 0.70 0.30 0.30
Lo 1.25 1.25 1.25
Wo 1.00 1.00 1.00
rout 0.64 0.60 0.60
Measured flow rate (lph) 8.2 4.2 3.3
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should be refined to predict dripper behavior of varying flow rates
beyond 8 lph with greater accuracy, Eq. (2) can be used with the
optimization process presented in this study to design new dripper
architectures and accurately predict their performance.

5 Validation Using Injection-Molded Prototypes

To validate the reduced MCIP in drip emitters manufactured
using the same processes as existing commercial emitters, ten pro-
totypes were manufactured by Jain Irrigation using the optimized
geometry for the 8 lph dripper (Table 1). The drip emitters were
made from polypropylene and were manufactured without signifi-
cant added costs or changes to the injection molding processes by
simply changing the mold insert that forms the internal flow fea-
tures. This test confirmed our assumption that the optimal designs
could be readily incorporated into existing manufacturing and dis-
tribution channels.

The average flow rate as a function of inlet pressure for the
injection-molded prototype emitters was characterized by Jain Irri-
gation according to IS guidelines [22]. Figure 5 compares the meas-
ured performance of our prototypes (Massachusetts Institute of
Technology (MIT)) to the published performance of commercially
available 8 lph on-line PC drip emitters produced by Jain Irrigation
[23], Toro [24], and Netafim [25]. The optimized injection-molded
emitters show an activation pressure of 0.1565 bar. This value is
21.4% the activation pressure of 0.70 bar for the Netafim emitter,
and 16.7% the activation pressure of 0.90 bar for the Jain and Toro
emitters. Our prototype emitter was able to maintain 610% varia-
tion in its nominal flow rate (per industry standards) of 8.2 lph up
to a pressure of 4 bar.

6 Cost Savings With Low Minimum Compensating

Inlet Pressure Emitters

A detailed analysis of the capital cost of solar powered drip irri-
gation systems was conducted to assess the potential benefit of
disseminating our PC drip emitters over currently available emit-
ters in off-grid markets. As a benchmark, the capital cost of an
off-grid, solar-powered drip irrigation system servicing a repre-
sentative 1 acre (100 m� 40 m) banana farm was estimated using
component costs from two different sources. The first source
includes price lists from tier 1 drip irrigation companies [26,27],
which is representative of global average costs based on a com-
bined global market share of 35% [28]. The second price list is
used by the Government of Gujarat (India) to be representative of
India [6,29], which accounts for 118 million farm holdings [30]

Fig. 3 Flow rate versus inlet pressure for emitters designed
using the optimization process presented in this study. The
three dripper designs with geometries presented in Table 1 are
represented, optimized for 8 lph (a), 6 lph (b), and 5 lph (c) (hori-
zontal dotted lines), with corresponding measured nominal
flow rates of 8.2 lph, 4.2 lph, and 3.3 lph (horizontal gray lines),
respectively. All emitters have an activation pressure of
£ 0.2 bar. Two emitters for each specified flow rate were preci-
sion machined and tested. The gray band shows the 610%
allowed variation from nominal per industry standards. The
black boxes with error bars denote the average and standard
error of the 8 experimental data points collected per pressure
reading. The dashed line represents the theoretical model pre-
diction, which shows an accurate activation pressure.

Fig. 4 Manufacturing error sensitivity for an 8 lph dripper pro-
duced by Jain Irrigation. This plot is adapted from Ref. [16],
showing the variation in expected flow rate (gray band) over the
same pressure range investigated in this study, due to toleran-
ces of 60.01 mm on Dch and 60.05 mm on Wch. The gray line is
the nominal flow rate specified by Jain, with the circles showing
results from their data sheet. Experimental data were collected
at MIT using the process described in Ref. [16].
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and 11.2% of the world’s arable land [31]. The assumed banana
crop spacing was 2 m� 2 m [6]. The water source was assumed to
be surface water (water depth< 5 m, which is true for 63% of irri-
gated farms globally [15]). This type of water source is usually
high in sand and biological matter, requiring a combination of a
sand filter coupled with a disk filter.

The full drip system was designed based on best practices
described in publically available resources [6,13,14]. The main
components of the drip system included the smallest available
solar pump required to move water from the source through a sys-
tem of lateral pipes and drip emitters (accounting for the MCIP of
the drip emitters, which were assumed to be either conventional
or optimized based on Fig. 5), a filter system required to remove
sediments from the water source to reduce emitter clogging, pipes
to convey water from the source to the drip emitters, valves such
as ball valves, flush valves, and backflow valves, drip emitters,
and other pipe connectors and drip accessories. The full system
contained 1000 8 lph on-line drip emitters, 2000 m of lateral poly-
ethylene pipe, 100 m of submain PVC pipe, a sand and disk filter,
and a pump (1 HP assuming a 0.15 bar MCIP for prototype drip
emitters and 2 HP assuming 1 bar MCIP for conventional drip
emitters based on Fig. 5). The solar power system was sized to
provide 1 day of autonomy entirely off-grid in order to allow
farmers to irrigate continuously and not be dependent on the inter-
mittency of solar. The pump efficiency was assumed to be 40%
(efficiency of commonly available pumps in this flow rate and
pressure range) and the solar powering system cost was taken at
$1.5/W (half the cost for the solar modules and the other half for

nonmodular costs such as batteries, mounting structures, and
wiring).

Figure 6 shows the cost breakdown of a solar-powered, 1 acre
drip system using 8 lph drip emitters of the design shown in Fig.
1, with activation pressures of 1 bar (current technology) versus
0.15 bar (our optimized design). Drip emitters rated for 8 lph
would be used on tree crops, such as bananas, dates, olives, or cit-
rus. Figure 6 demonstrates how the overall capital cost of an off-
grid surface water drip system could be reduced by more than
40% in India and 27% globally by simply lowering the activation
pressure of the drip emitters without changing the laterals, sub-
main lines, filter, or capital cost of the emitters.

7 Conclusions

This study presents the design and validation of a suite of on-
line PC drip irrigation emitters with a substantially lower activa-
tion pressure than commercially available products. A genetic
algorithm was used to optimize eight geometric parameters of PC
drip emitters using a recently published fluid–structure interaction
model of on-line PC drip emitter performance. To the authors’
knowledge, this fluid–structure interaction model is the first to
give a fully quantitative description of pressure-compensating
behavior in drip emitters. While the model was able to parametri-
cally describe the behavior of commercially available 8 lph drip-
pers in our prior work, its prediction of the flow rate versus
pressure relationship deviated significantly from experimental
results for the three emitter designs presented in this study. Never-
theless, the model was able to accurately predict the low MCIP.
Combined with a correction function presented herein that enables
the accurate prediction of the anticipated nominal flow rate, the
theory presented in this work can enable irrigation engineers to
optimize drip emitter geometries for significantly lower MCIPs
than those offered by commercial products.

Fig. 6 Capital cost analysis for a representative solar-
powered, off-grid drip irrigation system in global markets (rated
in $USD). Capital cost analysis of the drip irrigation system
required for a representative 1 acre banana farm operating at (a)
1.55 bar (assuming 0.15 bar dripper activation pressure) and (b)
2.4 bar (assuming 1 bar dripper activation pressure) in both
Indian and global (tier 1) markets. The estimated capital cost
includes the smallest available solar pump required to move
water from the source through a system of lateral pipes and
drip emitters, sized for 1 day of autonomous off-grid use, a filter
system to reduce emitter clogging, pipes to convey water from
the source to the drip emitters, valves and joints, and 8 lph drip
emitters to produce a controlled flow of water near the plant
roots.

Fig. 5 Flow rate versus inlet pressure for the optimized emitter
(MIT) compared to commercially available 8 lph emitters. The
optimized emitter (MIT) is depicted as the bold line with circular
markers and has an activation pressure that is 21.4% that of
Netafim’s [25] (bold black line) and 16.7% that of Toro’s [24]
(bold line with plus markers) and Jain’s [23] (dashed line with
cross markers). The results for the MIT emitter are averaged
data from ten injection molded emitters; the coefficient of varia-
tion at every tested pressure point is less than 0.08. The data
for the commercial emitters were obtained from their respective
specification sheets. The vertical dotted lines denote activation
pressures. The horizontal dotted lines denote 610% variation
from the MIT dripper’s nominal flow rate of 8.2 lph, which corre-
sponds to allowable industry standards.
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This theory enabled the design innovation of an 8.2 lph PC drip
emitter with an MCIP of 0.1560.05 bar, which is as low as 16.7%
the activation pressure of current commercial products based on
published performance data from manufacturers. Our optimization
method was also used to design 3.3 and 4.2 lph drip emitters
with MCIPs below 0.2 6 0.05 bar. The performance of all three
of these drippers was experimentally validated using a series of
precision-machined prototypes. A limited production run of
injection-molded prototypes of the 8.2 lph drippers was accom-
plished with minimal cost and modification to existing manufactur-
ing equipment. Their performance matched that of the precision-
machined prototypes, with an MCIP of 0.15 bar. The manufacturing
constraints imposed by Jain Irrigation ensured that the new designs
could be readily incorporated into existing manufacturing and distri-
bution channels. A detailed analysis of the capital cost of fully off-
grid solar powered drip irrigation systems confirmed that minimizing
the MCIP of drip emitters could significantly reduce the capital cost
of off-grid systems, by 27% globally and 40% in Indian markets.

Future work will include improving the fluid–structure interac-
tion model by empirically deriving an expression for the orifice
loss coefficient as a function of its geometry and size. Accuracy of
the model may be further increased by accounting for additional
losses in the fluid network, such as when the water must flow
around the lands and into the channel (Fig. 1(d)), and accounting
for manufacturing tolerances and their impact on flow behavior.
Our future efforts will also involve expanding the fluid–structure
interaction model to in-line PC drip emitter architectures and
using a similar optimization method to minimize the MCIP for the
in-line case. This work will include extensive clog testing of the
new on-line and in-line drip emitter designs, and field tests to con-
sider other possible performance tradeoffs that may result from
operating drip irrigation systems at a lower inlet pressure.
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