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Abstract: A new Variable Rate Drip Irrigation (VRDI) emitter that monitors individual water drops
was designed, built, and tested. This new emitter controllers water application directly by monitoring
the volume applied in contrast to uniform drip irrigation systems that control water application
indirectly by pressure compensation and operational times. Prior approaches assumed irrigation
volumes based on flow rates and time and typically did not verify the applied amount of water
applied at each water outlet. The new VRDI emitter self-monitors the total volume of water applied
and halts the flow once the desired total water application has been achieved. This study performed
a test for a new VRDI emitter design with two inner diameters of 0.11 cm and 0.12 cm and two outer
diameters 0.3 cm and 0.35 cm compared to a commercial drip emitter. Laboratory tests verify that
the integrated volume measurements of the VRDI system are independent of pressure. Conversely,
f.?,e‘f:tfgsr the flow rates of the commercial pressure-compensated drip lines were not independent of pressure.

) These results demonstrate that this form of VRDI is technically feasible and is shown to be energy
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efficient, requiring lower system operating pressures than pressure-compensated lines. The VRDI
system can reduce water consumption and related water costs.

Prototype for Precision Irrigation.
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Drip irrigation has proliferated as an irrigation technology in recent decades. Drip
accounted for 5% of irrigation systems in the US in 1988. By 2010, micro/drip accounted for
~40% of the irrigated land in California [1]. Drip irrigation has high efficiency and reduces
water losses [2]. Chitra et al. [3] studied the effect of drip irrigation on water use efficiency,
plant growth, and yield of turmeric compared with flood irrigation. They found significant
increases in water use efficiency and plant growth (number of leaves, leaf area, plant height,
and matter production). Ayars et al. [4] reviewed a series of subsurface drip irrigation case

= studies that showed increased yield and crop quality, and reduced water application, weed
Copyright: © 2021 by the authors.  control, fertilization, and tillage relative to surface irrigation. These efficiency gains lead to
Licensee MDPI, Basel, Switzerland.  jpcreased agriculture production and reduced water loss, and they follow the irrigation
innovation technology pathway toward agriculture sustainability [5,6].

One of the principal concerns for field-scale drip irrigation is the potential for non-
uniform water application as a result of pressure changes within the drip line. Pressure
changes can result from energy losses within the drip line or elevation changes from uneven
ground. This concern is addressed with pressure-compensated emitters along the drip
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line. To improve the watering uniformity, researchers have used high-efficiency pressure
control inside the drip line Chapin [7]. Confirmation of the local drip application and its
uniformity or lack thereof is also lacking. There are few viable point-of-application sensor
options that could be used to verify in real time that the irrigation uniformity is acceptable.
This lack of monitoring can make it challenging to identify clogged or otherwise fouled
emitters, unexpected irrigation line damages that lead to unexpected pressure losses, or
emitter points that have been expanded or eroded from silt and water exclusions without
regular visual inspection.

Variable-rate irrigation (VRI) can also increase irrigation efficiency through targeted,
site-specific water application [8,9]. VRI is available for moving overhead sprinkler irriga-
tion systems, but there are no variable rate drip irrigation (VRDI) systems in the current
marketplace. Recently, researchers patented the use of a segmented variable drip irriga-
tion system by using a flow control valve to supply water for two horizontal pipes [10].
This system is promising but does not yet enable full control of the flow at each emitter.
Sanchez et al. [11] performed a field trial of VRDI by segmenting the field into management
zones, each controlled with a valve. They found that VRDI led to an increase in yield
of 10% and an increase in water use efficiency of 17%. In this manuscript, we present a
VRDI method where each drip emitter inlet and/or outlet is individually outfitted with
a flow meter to monitor the flow, a valve to manipulate the flow, a communication unit
to relay that data, and a microprocessor to control everything. More advanced versions
could incorporate localized sensors (humidity, soil moisture, temperature, pH, rain sap
flow, dendrometers, or other observables) to automate the irrigation control [12,13]. The
advances in data telemetry, miniaturized valves, and electronic controllers have made flow
control possible at the emitter and field scale. For example, researchers have utilized the
advancements in flow control to build automated drip irrigation systems at the field scale
(not VRDI), which control water based on environmental conditions and relay the irrigation
and environmental data to a centralized computer. Parameswaran and Sivaprasath [14]
made an automated drip irrigation system that integrates the soil moisture, temperature,
and pH data in conjunction with an Arduino microcontroller to drive a solenoid valve that
controls the irrigation system. Recently, Al-agele et al. [15] compared the volumetric water
flow rate between conventional drip emitters and new Variable Rate Drip Irrigation (VRDI)
emitters and found that the volumetric water flow rate in the conventional drip tube was
88% larger than the VRDI emitter for all pressures. In addition, increasing pressures lead
slightly to changes in the volumetric water flow rate in the VRDI emitter compared to the
conventional drip tube.

The aim of this paper is to propose a novel way to monitor and control drip irrigation
at the point of application. The sensor proposed is cost with no moving parts and consists
of two wire ends with a small voltage differential applied. As a drop passes these ends, it
connects the circuit, allowing the sensor to count irrigation droplets in real time. In this
way, this study focuses on an approach that measures the cumulative volume of water
applied by the drip emitter rather than attempting to measure the instantaneous water
flow rate.

1.2. Methodology

The VRDI system was designed to the increase irrigation precision in the amount
of water applied. This manuscript outlines the design details and data from a test of the
prototype in the lab.

1.3. VRDI Emitter Design

The new VRDI design (Figure 1) controls the water application at the point of delivery.
The prototype consists of a custom piece that encapsulates a drip line with an integrated
tortuous path to reduce pressure, an electronic solenoid valve (DC12V G 1/4” Electric
Solenoid Valve N/C Feed for RO Water Air Quick Connector from HongQin Water pu-
rification Equipment Factory) to regulate the flow, a small nozzle, two wire leads, and
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circuitry to connect and control the components (DCCDuino Nano and STP16NF06 N
MOSEFET, 60V, 16A, GDS Newark, NJ, USA) (Figure 2). The VRDI design was created
with the Autodesk Fusion model 360 software, and the plastic (ABS) components were
3D printed (FUSION3 F410 and Resins Architecture Industry Form3 SLA 3D Printer by
Formlabs, Preform). The physical dimensions of the plastic components were selected to
match a standard % ” dripline and the inlet on an off-the-shelf solenoid valve (DC12V G
1/4” Electric Solenoid Valve N/C Feed for RO Water Air Quick Connector from HongQin
Water purification Equipment Factory). The tortuous path geometry was determined
experimentally through trial and error by adding additional length and tortuosity to the
path until drops, rather than a stream, exited the emitter. The emitter was secured to the
drip lines using four screws and silicon to prevent water leaks (Figure 1). The small nozzle
was designed such that it forms water drops of known and constant diameter. Each drop
connects two electric leads (normally separated by an air gap) as it is falling. An electric
circuit is closed when the drop passes between the leads. The electric circuitry keeps a
running count of the number of times the circuit is closed, which is equal to the number of
water drops applied. A control value is actuated to cease the flow when the total volume
(number of drops times water volume per drop) reaches the desired water application
volume. The full system was designed to increase the precision of water application by
literally counting the water drops applied and only applying the number specified to be
the water manager. Here, a water manager can be a person, an electronic control system,
or a sensor(s) that monitors components of the agricultural system. A photo of the built
prototype is shown in Figure 1.

Encapsulated
drip line

Solenoid
valve

Small
nozzle

Figure 1. VRDI emitter design connected with drip tube. A small waterproof box attached to the
back (not shown) protects the electronic components (Figure 2a,b) from weather conditions.



Agronomy 2021, 11, 2493

40f11

b c

Figure 2. Electronic components: (a) DCCDuino Nano Nano, (b) 16NF06 N MOSFET, (c) Solenoid electronic valve.

Tortuous path

— (2.593mm)

a

(30mm)

The dimensions of the dripline connection part were 3.4 X 3 x 3cm (L x W x H,
respectively). The thread size was (% inch * 20) with a length of 0.15 cm, the hole diameter
inside the thread is 5 mm, and the drip tube diameter was 0.17 cm. These dimensions were
selected to match the female threaded port of the solenoid valve (Figure 2c). This first
stage of the flow path also includes a tortuous path to reduce the pressure of the flow (path
width is 0.26 cm with +/—0.08 mm, Figure 3a).

Inlet(1.1mm,1.15 mm)

(r=8.75mm)

Outside (3mm, 3.5mm)

(D=12mm) Two-wire inserted from both side
C d

b

Figure 3. New VRDI emitter design: (a) Tortuous path, (b) Water inlet, (c) Water outlet, (d) Water drops counting unit.

The dimensions of the measurement unit were 3 x 2 x 2.5 cm (L x W x H, respec-
tively). The thread size was (% inch * 20) 0.12 cm long to match the outlet side of the
solenoid control valve. The prototype was built to work with flow channels of two dif-
ferent sizes. A 0.11 cm or 0.12 cm (+/—0.08 mm) inner diameter flow channel connects
the solenoid to the measurement chamber. Inside the chamber, there is a nozzle with an
outside diameter of 0.3 cm or 0.35 cm (+/—0.08 mm). The final dimension of the created
drops depends on this outer nozzle diameter as it is the last point of contact for the formed
drops. Thus, the orifice diameters can be customized to alter the drop sizes.

A diagram of the designed electronic circuit is presented in Figure 4. The DCCDuino
Nano Nano connects to the measurement unit, the STP16NF06 N MOSFET, 60 V, 16 A,
GDS, and an electronic solenoid valve. The wire leads, used to count the number of drops
passing through the system, were housed just downstream of the narrow orifice (Figure 3).
Water drops connect these electronic leads to close the electric circuit. The DCCDuino Nano
counts the water drops number (number of circuit closures) and closes the valve depending
on the received irrigation instruction. The VRDI system electronics were operated with 3 V.
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Figure 4. Drop formation and measurement include (a) drop creation, (b) the drop becoming larger, (c) the drop before
detachment, and (d) the drop touching the metal leads, closing the circuit, and being counted. The outer diameter of the

upper nozzle is 0.35 cm for scale.

1.4. VRDI Emitter Cost

The prototype VRDI emitter, as built for this manuscript, is not economically viable,
and efforts must still be made to reduce its cost. First, we do not envision that each emitter
has its own battery, charger, solar, and telemetry solution. Rather, we envision a system
where the emitters are hard-wired along a drip line. These costs are included in the ‘wire’
line item below. The total cost of the components used to build the current system was $9
for each emitter. Table 1 depicts the detailed cost of each component.

Table 1. Break down of the cost of individual components used to construct the prototype.

Components Cost ($) Source Other Technical Details
Microcontroller, $2 Arduino 3y
DCCDuino Nano Manufacturer
Voltage amplifier (or
regulator), STP16NF06 N $1 Newgrk An Avnet 60V, 16A, GDS
MOSFET ompany
DC12V G 1/4”
Electric Solenoid DC12V G 1/4” Electric
. Valve N/C Feed for .
Control valve with . Solenoid Valve N/C Feed
. $3 RO Water Air Q . .
solenoid . for RO Water Air Quick
HongQin Water
P Connector
purification
Equipment Factory
3D printing $1
Wire $2
TOTAL $9

The most straightforward way to reduce the total cost is to (1) use injection molding
for the plastic parts; (2) create a custom-printed circuit board for the electronics that
incorporates the MOSFET; and (3) reduce the cost of the solenoid. The solenoid valve
is the most expensive component and will always have a higher cost floor due to the
copper content. The next stage of research and design is to miniaturize or replace the
solenoid. Potential replacements include piezoelectric devices or other MEMS. Given
these considerations, the estimated reduced price would be $3—4. This restricts potential
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applications to high-value crops that require very precise water management e.g., wine
grapes.

1.5. Experimental Design

A test of the VRDI prototype was performed at Oregon State University to (1) demon-
strate that a drop-counting device is technically feasible and (2) determine the range of
variability in water application volumes as a function of pressure. A pressure-regulated
flow was provided for conventional, pressure-compensated drip lines (DIG’s Earthline
Brown) and the new VRDI design. Two versions of the VRDI design were tested to de-
termine the potential for the nozzle design to affect drop size. The test was done for two
inside diameters of 0.11 cm and 0.12 cm (+/—0.08 mm) with two outside diameters of
0.3 cm and 0.35 cm (+/—0.08 mm). All drip irrigation systems were operated for 10 min,
20 min, 30 min, and 60 min. All tests were performed for a range of operating pressures:
14 kPa, 28 kPa, 41 kPa, 55 kPa, 69 kPa, and 83 kPa (Table 2). Note that the minimum
working pressure of the commercial system is 69 kPa. One advantage of the VRDI emitter
is that it can operate at much lower pressures and save energy; therefore, we included
low-pressure values, outside the range of the commercial line to challenge the new design.
The pressure was regulated with a pressure regulator (Stettler support company, Salem,
OR). This regulator has an error of +/—7 kPa or (1 psi). Water exiting the VRDI units, and
the convention drip line were collected in graduated cylinders to measure the total volume
of water applied. These were rainfall measurement cylinders, which contain two cylinders:
the first one was 31 cm high and 10 cm in diameter, and the second was 25.4 cm high and
3.1 cm in diameter. The smaller cylinder was placed inside the larger one, leaving a 0.6 cm
free space to allow water to spill to the large cylinder if the smaller one was full. A time
series of the progression of a drop from formation to emission is presented in Figure 4. A
summary of all measurements, including the mean and standard deviation for water drops
count and water volume emitters (0.3 cm and 0.35 cm) at the different times of operation
with different pressures are presented in Table 2. The drip count by the system with time
is presented in Figure 5. The system counted cumulative water drops with the time. The
water flow or drip count was slightly affected by increasing pressures compared to the
commercial drip emitter.

1000
900
800
700
600
500
400
300
200
100

0

Cumulative drip count

— O
i

76

— O
[0 IS i (o)
Time (sec)

Figure 5. Arduino program shows cumulative drip count with time series.
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Table 2. The descriptive statistics of the experimental setup.

Design . . Water Pressure (kPa)
K Time (Min) 3
(Diameter) Volume (cm?) 14 28 41 55 69 83
Mean 14.34 21.13 28.68 31.70 3321 38.12
10 SD 0.38 151 226 151 151 0.38
Mean 18.11 24.15 55.85 55.10 64.16 73.97
VRDI Emitter 20 sD 1.51 151 226 1.51 226 453
(0.30 cm) Mean 22.64 36.98 100.38 80.76 95.86 110.20
30 SD 0.38 151 226 3.02 151 0.75
Mean 61.89 72.46 150.95 150.95 197.75 220.39
60 SD 151 151 7.55 7.55 151 151
Mean 16.60 13.59 23.78 28.68 33.96 4227
10 SD 1.51 151 0.38 226 226 226
Mean 25.16 29.44 46.04 53.59 68.68 78.50
VRDI Emitter 20 SD 157 377 0.75 1.51 151 226
(0.35 cm) Mean 36.23 4227 66.42 83.40 101.14 120.01
30 SD 226 226 226 0.38 226 0.75
Mean 69.44 85.29 130,57 160.01 207.56 22643
60 sD 1.51 226 226 1.51 226 7.55
0 Mean 151.71 22568 24530 306.44 347.19 380.40
SD 0.75 3.02 151 226 7.55 3.02
Mean 250.58 364.18 490.60 599.29 689.86 781.94
, 20 SD 1.51 113 377 3.02 3.02 226
Conventional Mean 358.51 484.18 766.84 988.75 993.27 1114.54
30 sD 3.77 1.13 226 7.55 453 461
Mean 730.62 95252 149142 172540  1960.89  2339.40
60 SD 151 151 453 453 6.04 0.38

To better understand the relationship between the independent variables and the
dependent variable (water volume), a factorial design of 3 x 4 x 6 (72 scenarios) was
chosen for this data set. Three independent variables were included in the model: (1) the
design type, which has 3 levels (0.30 cm VRDI emitter design, 0.35 cm VRDI emitter design,
and the conventional design); (2) four levels of time (10 min, 20 min, 30 min, and 60 min);
and (3) six levels of pressure (14 kPa, 28 kPa, 41 kPa, 55 kPa, 69 kPa, and 83 kPa). Data
were analyzed in the R software package. All tests were performed at a 95% confidence
level. Three-way ANOVA was performed on the water volume to determine whether the
average volume differed among the variables [16].

2. Result and Discussion
2.1. Flow Rate Measurements

The volumetric flow rates from each emitter as a function of operating pressure were
also calculated. A flow rate comparison is chosen, as typical irrigation practice is to operate
the drip system for a set amount of time, and thus, the total applied water would be the
flow rate multiplied by the operational time. If the flow rate was not constant through the
entire line, then the application uniformity would be impacted. These variations in flow
rate may be caused by pressure variations within the line due to head losses or elevation
changes.

The results show that both the new VRDI design and the conventional pressure
compensated drip line have flow rates that depend on operational pressure in this pressure
range. The VRDI design has lower flow rates (significant difference p-value < 0.05), but
these rates are not impacted by the changes in inner (0.11 cm and 0.12 cm) or outer (0.3 cm
and 0.35 cm) nozzle diameter (p-value > 0.05). The lower flow rate in the VRDI is intentional.
It removes the possibility of a solid stream exiting the nozzle.
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2.2. Total Volume Applied

The volume of water per drop in the VRDI emitter, which is calculated as the total
volume of emitted water divided by the measured drop count, is plotted as a function
of operational pressure in Figure 6. It shows that the drop diameter is not significantly
affected by the operational pressure.

Pressure*Time
1600 Time(min)

—8— 10

-H- 20
— --&-- 30
on 1200+ B
< —A 60
£
S 800
£
E 400
O
= 0-
b Pressure*Design (diameter) Time*Design (diameter)
o
o
; 1600 - Design(diameter) *

—&— VRDI Emitter(0.30cm)
"'5 —~ M~ VRDI Emitter(0.35cm)
s 1200+ --&-- Conventional o
S 800 - P *
400 o
P
0- '__.’4__{.}._._———-.»——. .,/__.’—/I"”’.

T T T T T

14 28 41 55 69 83 10 20 30 60

Pressure (kpa) Time (min)

Figure 6. Relationship between drop volume and pressure with new VRDI emitter design (0.30 and 0.35 cm) at different

time intervals.

Since the drop volume is not affected by the operational pressure, and on the other
hand, the flow rate is significantly affected by the operational pressure (Figure 6), it can
be concluded that the number of drops per minute increases as a function of operational
pressure. Thus, variations in pressure within the drip line will not impact the total water
volume applied, which is dictated by the number of drops allowed by the controller.
However, the variance in the water drop volume itself potentially leads to a proportional
variability in the total volume of applied water.

A force balance illustrates the pressure-drop size relationship. Just prior to release, the
forces acting on the drop are the surface tension force, weight, and pressure force expressed

mathematically as:
T D?
V= 5 ((TDO - P4> 1)

where D, is the drop diameter, D; is the inner nozzle diameter, V is the drop volume, o is

the surface tension, and vy is the specific weight. The available head at the nozzle outlet
2

is % /2g, where v is the fluid velocity at the nozzle’s outlet, g is the acceleration
1

of gravity, Q is the discharge, and r; is the inner radius of the nozzle. Application of
Brenoulli’s principle from the nozzle’s outlet to the drop center reveals that the total change
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in the piezometric head is equivalent to the velocity head at the outlet. Converting this to
pressure units leads to:
2
7(2%)
—1— ~18Pa. 2
28

1%

P

This leads to a value of PDTI'Z >~ 4%10"° N, and ¢D, = 2« 10~* N. For the range of
pressures tested, PD? /4 is two orders of magnitude less than ¢D,; therefore, we neglect
the pressure term in Equation (1).

We would expect the ratio of drop diameters (0.86 = 0.03) and the ratio of measured
volumes (0.94 £ 0.08) to be equivalent based on the simple hydraulic analysis above.

3. Statistical Analysis

As previously noted, a three-way ANOVA was used to estimate the relationship
between the independent variables and the water volume. The results of the model are
shown in Table 3. The ANOVA results showed that all independent variables and their
two-way and three-way interactions were statistically significant (<0.001).

Table 3. Summary of ANOVA for the experiment.

Source of Variance df MS F P

Design (0.30 cm VRDI,'O.35 cm VRDI, and 5 18,564 201454 <0.001 *
Conventional)
Pressure (14, 28, 41, 55, 69, 83) 5 226.30 24.56 <0.001 *
Time (10, 20, 30, 60) min 3 1455.40 157.94 <0.001 *
Design x Pressure 10 5715.70 620.26 <0.001 *
Design x Time 6 53,204.40 5773.67 <0.001 *
Pressure x Time 15 1788 194.03 <0.001 *
Design x Pressure x Time 30 42,034.70 4561.55 <0.001 *
Error 144 9.20

Notice: * Significant.

The interaction terms between the independent variables were also investigated. In
the case of statistically significant effects, custom post hoc contrasts were performed for
multiple comparisons using Tukey’s HSD test [17]. Figure 6 plots the mean of water
volume (cm?) at each level of design, pressure, and time, as well as pairwise comparisons.
Regardless of the time, during the testing, the water volume for the VRDI design was
lower at all pressure levels when compared to the conventional design. Similarly, when the
pressure is held constant, the water volume was lower for the VRDI design when compared
to the conventional one for all periods.

The variable rate drip irrigation approach can provide value to growers by reducing
the yield variability within a plot by bolstering the production of underperforming areas.
Growers could also potentially save on electricity costs due to the lower pressures required.
The potential economic benefits associated with reduced yield variability in wine grapes
were shown by [18,19] to be $2100/ha. The same authors report a water savings of 10%.
Energy savings by the reduced pressure can be estimated as: pV;,; AP where p is the price
of electricity, Vi is the total annual applied volume per hectare, and AP is the change
in pressure. Taking respective quantities of $0.13 kWh, 7000 m3/ha, and 69 kPa leads
to an estimated energy savings of approximately $18/ha. Other factors not considered
(e.g., changes in quality, fertilizer, and other chemical applications) may also contribute to
savings.

There are additional factors that have not yet been considered such as the impacts of
water quality: the addition of fertilizer, salinity, and turbidity. These water quality consid-
erations can impact the emitter’s output in two important ways: (1) chemical additions to
the water can change the surface tension, which would impact the expected drip volume,
as anticipated in Equation (1); and (2) some chemicals can corrode or precipitate onto the
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sensor’s wire leads and have the potential to impact the fidelity of measurements and the
potential lifetime of the sensor. The second concern can be addressed with gold plating or
other wire armoring solutions (at added costs). The first concern is more problematic and
requires an extensive, factorial, experiment, which will be presented in the next publication.

4. Conclusions

The new VRDI emitter prototype was designed, built, and tested. The results demon-
strated that using the proposed emitter, VRD], is technically feasible. The proposed method
for the control of drip irrigation at the emitter level is based on drop counting rather than
flow rate monitoring. The tests revealed that the new VRDI emitter had flow rates that
increased as the operating pressure increased. It was shown that the size of the drops from
the VRDI emitter was not a function of pressure. Nevertheless, significant differences in the
water volume per drop were found between designs that had outside diameters of 0.35 cm
and 0.3 cm. This indicates that the outside diameter of the nozzle might provide a method
to manipulate the drop size in a wider range. The electronic components used to control
the VRDI prototype emitter presented here are readily compatible with off-the-shelf data
telemetry solutions. Each emitter could be controlled remotely and could send data back
to a centralized data repository or decision-maker. A number of such emitters could be
used to enable field-scale VRDL

The final device will be designed to tolerate field conditions. The electronics will be
integrated within the nozzle’s body and made water-tight. Wire leads will be embedded in
the plastic to reduce the chance of their misalignment in the case of impact with equipment.
The material choices should be altered to a more impact-resistant plastic such as HDPE.
HDPE is also inert in the presence of acid, fertilizers, herbicides, and pesticides, which
is a significant advantage. It is expected that any clogging due to biofouling would be
maintained with a diluted acid solution as is standard practice. The overall size of a
commercially produced device would be less than 0.5 m long and less than 0.2 m in
diameter. Another limitation is that the placement of the electric leads used to measure
falling drops are directly below the emission nozzle. This necessitates that the crops where
the proposed VRDI is applied have suspended drip lines (e.g., grapes or cane berries).
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