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Abstract

:

This research presents a new variable rate drip irrigation (VRDI) emitter design that can monitor individual water drops. Conventional drip systems cannot monitor the individual water flow rate per emitter. Application uniformity for conventional drip emitters can be decreased by clogged emitters, irregular emitter orifices, and decreases in pressure. A VRDI emitter can overcome the irrigation challenges in the field by increasing water application uniformity for each plant and reducing water losses. Flow rate is affected by the diameter of the delivery pipe and the pressure of the irrigation delivery system. This study compares the volumetric water flow rate for conventional drip emitters and new VRDI emitters with variable diameters inner (1 mm, 1.2 mm, 1.4 mm, and 1.6 mm) and outside (3 mm, 3.5 mm, 4 mm, and 4.5 mm) with three pressures (34 kPa, 69 kPa, and 103 kPa). The tests revealed that the new VRDI emitter had flow rates that increased as the operating pressure increased similar to a conventional drip tube. The flow rate was slightly increased in the VRDI with pressure, but even this increase did not show large changes in the flow rate. The flow rate of the conventional drip tube was 88% larger than the VRDI emitter for all pressures (p < 0.05). However, operating pressure did not affect the drop sizes at the VRDI emitter, but the generalized linear mixed models (GLM) results show that volume per drop was impacted by the outside diameter of the VRDI outlet (p < 0.05). The interaction between the inner and outside diameter was also significant at p < 0.01, and the interaction between outside diameter and pressure was statistically significant at p < 0.01. The electronic components used to control our VRDI emitter are readily compatible with off-the-shelf data telemetry solutions; thus, each emitter could be controlled remotely and relay data to a centralized data repository or decision-maker, and a plurality of these emitters could be used to enable full-field scale VRDI.
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1. Introduction


In recent decades, drip irrigation technology has become more popular around the world. In California (2010), drip irrigation has covered ~40% of irrigated land [1]. Drip irrigation may increase water application efficiency and decreases water losses [2]. Further, water use efficiency and plant growth (the number of leaves, leaf area, plant height, and matter production) increases significantly with drip irrigation compared to flood irrigation [3]. In another study, subsurface drip irrigation treatments had significantly increased yield; improved crop quality; reduced water application; and reduced agronomic costs for weed control, fertilization, and tillage [4].



One aspect that reduces the full potential of drip irrigation is the potential for nonuniform water application for field-scale drip irrigation as a result of pressure changes within the drip line [5]. Energy losses within the drip line or elevation changes from uneven ground alter the pressure in the system. This pressure variability is addressed with pressure compensated emitters along the drip line [6]. These devices reduce the impact of, but do not eliminate, pressure variance [7].



Spatial variability and non-uniform irrigation application are problems for flood irrigation and conventional overhead and drip irrigation. Hydraulic design elements of each respective irrigation system such as field slope, pipe networks, nozzle geometries, and pump characteristics are linked with the cumulative volume of water applied. In overhead systems, this spatial variability has been addressed using variable-rate irrigation (VRI) [8,9]. Currently, there is not an equivalent VRI approach for drip irrigation in the marketplace. A recent patent was given for a segmented variable rate drip irrigation system using flow control valves 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. Two studies evaluated the potential benefits of field scale variable rate drip irrigation (VRDI) in wine grapes and found that precision irrigation with VRDI led to an increase in yield of 10% and 17% and an increase in water use efficiency of 17% and 20% [11,12]. VRDI studies in a Vineyards showed an increase in water use efficiency of 18% and 25% that did not lead to any changes in the total yield and product quality [13,14]. To enable full VRDI, each drip emitter inlet and/or outlet must be individually outfitted with a flow meter to monitor the flow, a valve to manipulate the flow, and a communication unit to relay the data, and a microprocessor to control everything. More advanced versions could incorporate localized sensors (humidity, soil moisture, temperature, pH, rainfall, sap flow, dendrometers, or other observables) to automate irrigation control [15].



Recent advances in data telemetry, miniaturized valves, and electronic controllers have enabled greater control over drip irrigation systems. For example, an automated drip irrigation system that integrates soil moisture, temperature, and pH data in conjunction with an Arduino microcontroller to automate the irrigation system was successfully built [16]. Recently, a new drip emitter prototype that monitors the water applied [7] has created a pathway for full VRDI by controlling the size of and counting each drop that is emitted.



The study presented herein focuses on and extends the VRDI approach of [7]. Here, we assess the impact of hydraulic design elements (nozzle diameters) on the cumulative volume of water applied and potential maximum flow rates.




2. Materials and Methods


The VRDI system used in this experiment (Figure 1a,b) was a modified version of the system presented in detail in [7]. In brief: the emitter encapsulated and pierced an irrigation hose. Water was routed through tortuous path consisting of 20 microchannels in succession, each 2.0 mm high and 2.593 mm in width. The purpose of this element was to reduce the pressure and flow rate. Next, water was routed through a micro-solenoid (DC12V G 1/4″ Electric Solenoid Valve N/C Feed for RO Water Air Quick Connector from eBay) before exiting a small nozzle. Drops were released from this orifice based on the force balance between gravity (pulling the drops down) and surface tension (pulling droplets upward). The net effect of this process created drops of consistent mass. Once the drops fell, they passed through a measurement chamber where the water briefly connected two electrical leads. A microcontroller maintained a running count of the drops and operated the solenoid valve to commence or halt the flow (Figure 1a).



A modified version was constructed for this manuscript. The modified version was designed such that the variable inner and outside diameter of the emitter nozzle could be evaluated in the lab with a factorial experimental design. A critical design question is whether the inner or outer diameter of this nozzle form the contact line for surface tension and subsequently determine the drop mass and volume. The test was done for four inside diameters (ID) 1 mm, 1.2 mm, 1.4 mm, and 1.6 mm with (+/− 0.08 mm), with four outside diameters (OD) 3 mm, 3.5 mm, 4 mm, and 4.5 mm (+/− 0.08 mm) (Table 1).



2.1. Lab Test


A test of the VRDI prototypes was performed at Oregon State University, Corvallis, OR, USA. Conventional drip tube (Earthline Brown pipe, DIG, Vista, CA, USA) served as a comparator to the new VRDI design. The pressures within the systems were regulated by using pressure regulator (Stettler support company, Salem, OR, USA), and tests were performed for three operating pressures: 34 kPa, 69 kPa, and 103 kPa, with error +/− 7 kPa or (1 psi). Note that the minimum recommended operating pressure for the commercial system is 69 kPa. Our hypothesis is that the VRDI emitter can operate at these lower pressures which would result in energy savings. All systems and prototypes were operated for 10 min with six replicates (Table 1). The operating time and number of drops were recorded by using Arduino Nano basic microcontroller (Figure 1b). The total water volume applied was measured with a graduated cylinder.




2.2. Data Analysis


2.2.1. Conventional Drip Data


We performed single-factor ANOVA on groups of conventional drip data and Tukey tests with post hoc comparisons for mean differences α = 0.05.




2.2.2. VRI Drip Emitter


We used generalized linear mixed models (GLM) nested analysis, with each independent variable as the nesting variable (variable pressures, inner and outside diameter), to test for differences between each version of the variable rate drip irrigation emitter [17]. The GLM test is used to check how the volume of applied water was affected by the independent variables. Post hoc comparisons for mean differences were with Tukey tests with α = 0.05. We performed a separate test to compare the collective impacts of all the variables on applied water volume. Three independent variables were included in the experiment: (1) pressure, which has four levels (34 kPa, 69 kPa, and 103 kPa); (2) four inner diameters (1 mm, 1.2 mm, 1.4 mm, and 1.6 mm); and (3) four outside diameters (3 mm, 3.5 mm, 4 mm, and 4.5 mm) with the commercial drip emitter. Table 2 shows the mean (μ) and standard deviation (SD) values for commercial drip emitter with new drip emitter of every independent variable.






3. Result


3.1. Conventional Drip


The ANOVA results showed a statistically significant relationship between flow rate and pressure (p < 0.01). 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 test. The interaction of 34 kPa and 69 kPa, 34 kPa, and 103 kPa, and 103 kPa and 69 kPa, were statistically significant (p-value <0.01 for all) (Figure 2).




3.2. VRDI Emitter Design Test


The results of the GLM nested to analysis are shown in Table 3. The GLM analysis shows that the outside diameter (GLM nested) and inner diameter with outside diameter were statistically significant (p < 0.01) for all levels, but the relationship between pressure applied water volume was not statistically significant (p = 0.06): Table 3 and Figure 3 and Figure 4.



Estimations of the relationship between 34 kPa and 69 kPa, 103 kPa and 34 kPa, and 103 kPa and 69 kPa were tested with a Tukey pairwise comparison. Statistically significant (p < 0.05) relationships were found for 103 kPa and 34 kPa with Tukey pairwise comparisons for lab testing experiment, but the 34 kPa and 69 kPa, and 103 kPa and 69 kPa, were not statistically significant (p = 0.05). Additionally, estimations of the relationship water volume per drop between nozzle designs with 3.5 mm and 3.0 mm, 4.0 mm and 3.0 mm, 4.5 mm and 3.0 mm, 4.0 mm and 3.5 mm, 4.5 mm and 3.5 mm, and 4.5 mm and 4.0 mm used Tukey pairwise comparisons to find the relationship. Outside diameters were statistically significant (p < 0.01), and Tukey pairwise comparisons were used for lab testing experiment.





4. Discussion


Typically, irrigation practice is to operate the drip system for a set amount of time and precision irrigation relies on a known, constant flow rate applied during the operational time. Variations in pressure affected the volumetric water flow rate in the conventional tube, and this variability could have led to reduced control over application uniformity under conventional, time-duration-based irrigation applications. In contrast, the GLM nested analysis showed no significant relationship between applied water volume and pressure for the VRDI emitters. As pressure does not to contribute to variance in water volume, we infer that the VRDI emitters can be operated at lower pressures. Further, the feedback control aspect of the system enables water managers to target watering amounts to specific locations, or potentially apply uniformly. Therefore, the new VRDI system could be used to increase application uniformity or respond to spatially variable irrigation demands.



The outside diameter of the emitter nozzle was positively correlated to the volume per drop in VRDI design, but the inner diameter showed no significant effect. We infer that the geometry of the nozzle exterior is such that the line of contact between the water and the nozzle is formed on the nozzle’s exterior, and that this contact line (of surface tension) determines the final drop volume. Thus, the emitter can be designed such that the desired drop volume is achieved by increasing (for larger drops) or decreasing (for smaller drops) the outer diameter of the nozzle. A full derivation of the hydraulic theory is presented in Al-agele and Higgins (under review). The VRDI system successfully allows for precision control of irrigation water across a wide range of pressures, and although the number of drops per minute increases as a function of pressure, the volume of each drop is not a function of pressure. The VRDI emitter has one advantage: 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.




5. Conclusions


A VRDI emitter prototype was tested with variations in diameter (inner and outside). The tests revealed that show the new VRDI emitter had flow rates that increased as the operating pressure increased similar to a conventional drip tube. The VRDI emitter has the advantage that it can operate at much lower pressures and save energy. The percentage water flow difference between the conventional drip tube and the VRDI emitter was more than 88% with all variation pressures. However, the pressure operation was not a function for drop sizes at the VRDI emitter. The results show that the flow rate was statically significant at p < 0.05 with increasing pressure in conventional drip tubes and VRDI. Additionally, the GLM nested results show that volume per drop was not significant with pressure and inner diameter at p < 0.05 but was statically significant at p < 0.05 with the outside diameter for VRDI emitter. In addition, the interaction between the inner and outside diameter showed significance at p < 0.01 and the interaction between outside diameter was statistically significant at p < 0.01. The electronic components used to control our VRDI prototype emitter are readily compatible with off-the-shelf data telemetry solutions; thus, each emitter could be controlled remotely and send data back to a centralized data repository or decision-maker, and a plurality of these emitters could be used to enable full-field scale VRDI.
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Figure 1. (a) New variable rate drip irrigation (VRDI) emitter design shows all the components. (b) VRDI drip emitter with 3 mm outer and 1 mm inner diameters. Emitters with all permutations of inner diameter (1 mm, 1.2 mm, 1.4 mm, and 1.6 mm) and outside diameter (3 mm, 3,5 mm, 4 mm, and 4.5 mm) were constructed and tested. 
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Figure 2. Relationship between water flow and pressure with conventional drip irrigation. 
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Figure 3. Mean of volume per drop related to the outside diameter, inner diameter, and pressure. 
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Figure 4. Two-way interactions on mean of volume/drop for pressure, outside diameter, and inner diameter. 
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Table 1. Lab experiment for conventional drip emitter with new drip emitter.
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	ID (mm)
	OD (mm)
	Pressure (kPa)
	Replicates
	Time for Each Replicate (min)





	Conventional
	
	34, 69, 103
	6
	10



	1
	3, 3.5, 4, 4.5
	34, 69, 103
	6
	10



	1.2
	3, 3.5, 4, 4.5
	34, 69, 103
	6
	10



	1.4
	3, 3.5, 4, 4.5
	34, 69, 103
	6
	10



	1.6
	3, 3.5, 4, 4.5
	34, 69, 103
	6
	10
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Table 2. Descriptive statistics of flow rate commercial drip emitter with new drip emitter for the lab experiment.
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Drip Emitter Type

	
Pressure (kPa)




	
34

	
69

	
103




	
Flow Rate μ ± SD (cm3/min)




	
Inner Diameter (mm)

	
Outside Diameter (mm)

	

	

	






	
1

	
3

	
2.50 ± 2.11

	
4.97 ± 0.25

	
6.87 ± 0.10




	
3.5

	
2.11 ± 0.00

	
3.53 ± 0.07

	
4.12 ± 0.32




	
4

	
2.98 ± 0.06

	
4.49 ± 0.05

	
5.98 ± 0.23




	
4.5

	
2.13 ± 0.07

	
4.19 ± 0.18

	
5.75 ± 0.16




	
1.2

	
3

	
3.06 ± 0.12

	
4.62 ± 0.07

	
6.58 ± 0.10




	
3.5

	
1.82 ± 0.10

	
3.52 ± 0.37

	
4.34 ± 0.09




	
4

	
2.01 ± 0.24

	
4.35 ± 0.06

	
5.79 ± 0.14




	
4.5

	
1.83 ± 0.05

	
4.14 ± 0.10

	
5.48 ± 0.16




	
1.4

	
3

	
2.85 ± 0.28

	
4.82 ± 0.11

	
6.32 ± 0.12




	
3.5

	
2.11 ± 0.17

	
4.11 ± 0.12

	
5.55 ± 0.38




	
4

	
2.73 ± 0.03

	
4.42 ± 0.19

	
6.12 ± 0.04




	
4.5

	
1.92 ± 0.09

	
3.55 ± 0.13

	
5.21 ± 0.04




	
1.6

	
3

	
1.97 ± 0.10

	
3.46 ± 0.07

	
4.30 ± 0.26




	
3.5

	
2.59 ± 0.42

	
4.91 ± 0.13

	
6.05 ± 0.15




	
4

	
2.00 ± 0.06

	
4.30 ± 0.09

	
5.69 ± 0.28




	
4.5

	
1.94 ± 0.03

	
3.85 ± 0.08

	
4.87 ± 0.25




	
Commercial drip tube

	
20.89 ± 1.43

	
37.61 ± 1.13

	
45.43 ± 0.98
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Table 3. Summary of generalized linear mixed model (GLM) nested for the lab testing experiment.
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	Source of Variance
	Degree of Freedom (DF)
	Adjusted Sum of Squares (Adj SS)
	Adjusted Mean Squares (Adj MS)
	F-Value
	p-Value





	Pressure [kPa]
	2
	6.60 × 10−5
	3.30 × 10−5
	2.89
	0.057



	OD [mm]
	3
	2.82 × 10−3
	9.38 × 10−4
	82.31
	0



	ID(OD) [mm]
	12
	1.22 × 10−3
	1.01 × 10−4
	8.89
	0



	Error
	270
	3.08 × 10−3
	1.10 × 10−5
	
	



	Lack-of-Fit
	30
	4.97 × 10−4
	1.70 × 10−5
	1.54
	0.041



	Pure Error
	240
	2.58 × 10−3
	1.10 × 10−5
	
	



	Total
	287
	1.38 × 10−2
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