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Abstract

:

Vortex generators (VGs) attached to the leading edge of an agricultural aircraft are purported to control airflow over the upper surface of the wing by creating small vortices that delay boundary layer separation, thereby improving the performance of the aircraft. These devices are commercially available for use in the aviation industry, primarily to increase pilot control of the aircraft. The benefits attributed to VGs remain largely descriptive and anecdotal in nature without rigorous empirical assessment in the field. The intent of this study was to evaluate whether this aerodynamic device could improve deposition or reduce drift when mounted on an agricultural aircraft. Airborne drift and ground deposition were measured with monofilament lines and Mylar cards, respectively. Deposits were expressed as percent of fluorometric response using a spectrofluorophotometer. There were 46% fewer downwind drift deposits on monofilament lines when VGs were installed than when VGs were not installed. Whether or not VGs were installed on the aircraft was the predominant factor which influenced deposition on monofilament lines. Spray deposits on Mylar cards placed at ground level downwind of the applications at three different locations (5, 10, and 20 m) varied significantly (p < 0.0001) between treatments, with corresponding 31, 54, and 61% reductions in downwind deposits when VGs were installed. While these findings overall are positive, this is the first known study of its type, and more research is warranted to better understand the role of vortex generators in the reduction in drift relative to aerially applied sprays.
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1. Introduction


Aerial application of pesticides is a multifactorial phenomenon composed of application hardware, environmental heterogeneity, plant canopy characteristics, spray formulations, and the inherent biological properties of pests themselves. The most important factors among such phenomena are coverage, deposition, biological efficacy, and ultimately, off-target deposition (drift) of pesticide components. During aerial applications of pest control products, a small fraction of the spray may enter the atmosphere and be transported over varying distances downwind of the target as spray drift [1,2,3,4,5,6,7,8]. Among many factors which cause drift, some of the most important aerodynamic factors are the wing-tip vortices and the turbulence created by the wake of the aircraft [1,9,10,11]. Hewitt, Johnson, Fish, Hermansky, and Valcore [12] reported that the major variables affecting drift are droplet size, spray release position (boom height and length), wind speed, and direction. Wing-tip vortices and turbulence can cause an upward movement of spray particles which, in essence, increases the spray release height. Parkin and Spillman [13] reported that an array of three small wing-like extensions, called sails, fitted horizontally to each of the wing tips of a Piper Pawnee aircraft reduced the amount of spray carried off-target from crosswinds by as much as 40% compared to the same aircraft without the sails. A commercial modification of winglets, AG-TIPS (Marburger Enterprises, Williston, ND, USA), was offered for agricultural aircraft reduce the strength of wing-tip vortices that naturally occur in the wake of spray planes. Such vortices tend to lift spray much higher than the release point. Since spray-drift potential increases with height above the canopy, anything that lifts the spray tends to increase drift. Hoffmann [14] evaluated the effectiveness of AG-TIPS vertical winglets to determine the effects on spray drift and swath width. Winglets attached to the ends of the wings interrupted the airflow around the wing tip and reduced the strength of the vortices. Winglets also tended to increase swath width and spray coverage and produced a lower percentage of spray droplets less than 100 µm. However, the use of winglets did not significantly change the level of drift deposits on samplers located 10–310 m downwind from the flight line. Hoffmann and Tom [15] designed an aerial spray boom and tested its effectiveness for decreasing off-target movement of spray droplets. With the boom in the lowered position, downwind deposition was reduced by 26% and 56% at 10 m and 310 m, respectively. Using CFD models, Ryan et al. [16] showed how crosswinds interact with aircraft wake and facilitates the movement of spray droplet trajectories from a near-field to far-field spray target. King et al. [17] used a similar modeling approach and reported that crosswind and droplet size are the two important factors affecting drift and off-target deposition.



A vortex generator (VG) is an aerodynamic device, consisting of a small vane, usually attached to the leading edge of aircraft wing control surfaces, to generate small vortices that weaken the main vortex that would otherwise be generated at these areas [18,19,20]. VGs work by mixing high-energy fluid with lower energy fluid found near the skin surface, called the boundary layer. This process is called re-energizing the boundary layer. The higher energy fluid becomes more resistant to separation from the wing and allows for higher performance of the aircraft. Properly arranged, VGs improve the stability and controllability of the aircraft, particularly at low flight speeds, climb, and high angles of attack. This jet-age technology provides improved aileron response, reduced turning time, a 7% reduction in stall speed, and reduced landing and take-off roll [21,22]. Tebbiche and Boutoudj [23] designed and studied VGs in a wind tunnel and found that they decreased drag by about 13% at a 15° stall angle, and that drag reduction would result in increased fuel economy and reduced exhaust gas and aircraft noise. Vignesh et al. [24] reported that the VG in a Clark Y type airfoil would enhance the payload and take-off as well as reduce landing distances for short runways and produce desirable changes in the stall characteristics of an airfoil wing. Hansen et al. [25] reported that an aerodynamically shaped VG, when applied on a thick airfoil, caused an increased lift-to-drag ratio compared with a standard VG in a wind tunnel. Lin [26] reported that VGs provided the most effective tool for boundary layer separation by increasing the lift potential by 10% and reducing drag by as much as 50%. Zhadanov et al. [20] studied VGs with three different shapes in a wind tunnel and found that they reduced drag coefficient and improved flight safety and quality compared to no VG treatment. Methal et al. [27] tested ramp-type VGs on a watercraft used in aviation industries at different heights and angles (°) and found that 16° and 0.6 δ, where δ is the boundary layer height, produced the least amount of drag coefficient over the watercraft’s fuselage. None of these studies on aircraft wing modifications were designed to improve spray deposition and drift mitigation when agricultural aircraft conduct their routine spray applications.



The objectives of this study were to investigate the effects of VGs on deposition and off-target drift from aerial spray applications. Researchers have documented that VGs when installed on an aircraft help its aerodynamic performance by reducing boundary layer separation, thus improving flight efficiency. No study has been reported describing the effect of VGs when installed on an agricultural aircraft relative to spray deposit and drift mitigation. The intent of this study is to determine whether VGs when installed on an agricultural aircraft would help mitigate spray drift.




2. Materials and Methods


This study was conducted near College Station, TX (30.524588° N, 96.407181° W) in June 2012. A Thrush 510G airframe (Thrush Aircraft Inc., Albany, GA, USA) powered by a General Electric turbine engine was configured with an agricultural spray system consisting of 31 nozzle positions on left and right booms and 6 nozzle position on the T-boom underneath the fuselage, for a total of 68 nozzle ports (Figure 1).



Under the fuselage on the T-boom, there were 6 nozzle positions, with spray nozzles placed in positions 3 and 6, referenced from port to starboard. On the left boom, nozzles were installed in the following positions (referenced from inboard to outboard): 1, 3, 5, 8, 10, 12, 14, 17, 19, 21, 23, 25, 27, 29, and 31. On the right boom, nozzles were placed in the following positions: 1, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, and 31, for a total of 34 nozzles (CP-11TT, Transland, LLC., Wichita Falls, TX, USA). They were installed with 4012 tips, oriented 30° down and back, and operated at 324 kPa (Figure 2). The 4012 nozzle designation means that the tip had a 40° flat fan spray with a standard flow rate of 1.2 gpm (4.54 L/m) at 40 psi per nozzle (276 kPa). The aircraft was flown at 257 km/h with a boom height of 3 m.



With a 20 m swath, this yielded an overall application rate of 20 L/ha. Based on the USDA-ARS Spray Quality Models [28], this resulted in a target volumetric median diameter (VMD, Dv0.5) of 203 µm and a droplet spectra classification of “Fine”. This is also in conformity with the ASABE S572.2 standard [29], Droplet Size Classification, to measure and interpret spray quality tips developed by the American Society of Agricultural and Biological Engineers. The Dv0.5, µm is the spray droplet diameter where 50% of the spray volume is contained in droplets smaller than this value and is commonly known as the volume median diameter (VMD).



2.1. Vortex Generators


One-hundred-and-four vortex generators (Micro Aerodynamics, Inc., Anacortes, WA, USA) were temporarily affixed full span just aft of the leading edge of the wings of a Thrush 510G agricultural aircraft by the manufacturer using silver foil tape. The VGs were temporarily installed prior to the VG treatment and then quickly removed prior to the No VG treatment so that meteorological conditions would remain consistent between treatments. The Micro Vortex Generators were manufactured under a FAA PMA from aircraft-grade 6063-T6 aluminum, alodined to military specifications (Figure 3)




2.2. Drift Study Setup


The target VMD of the spray applications was 200 µm. To achieve this target droplet size, nozzles were set up using the revised USDA-ARS Spray Quality Models [28]. The in-swath deposition and downwind movement of spray droplets were evaluated using the 1, 3, 6, 8-pyrenetetrasulfonic acid tetrasodium salt, PTSA dye (Spectra Colors Corp., Kearny, NJ, USA) as a tracer mixed with 757 L of water and R-11 surfactant (0.25% v/v). The spray solution was applied at 24.7 g/ha while the aircraft flew orthogonal to the prevailing wind with the sampling lines parallel to the prevailing wind (Figure 4). Three parallel sampling lines (A, B, and C), each 5 m apart, were established in the study area for measuring ground deposition. The downwind edge of the spray swath was designated as “0” distance. Negative distances represented the distance upwind of the downwind edge of the spray swath and positive distances represented downwind distances. In-swath sampling was conducted using 6 Mylar cards per sampling line placed on 929 cm2 wooden boards at distances of −25, −20, −15, −10, −5, and 0 m (Figure 5). Downwind spray deposition was measured using 6 additional Mylar cards per line placed at distances of 1, 2, 5, 10, 20, and 50 m.



Deposition of the airborne component of the spray (i.e., drift) was measured by placing two drift towers 50 m from the downwind edge of the spray swath. Monofilament lines were horizontally suspended on the drift towers at 2, 5, and 10 m height. The drift towers were held in position using specially built stands that supported 10 m poles, which were rotated vertically up into place before each spray application. Table 1 describes the wind speed and direction recorded at 2 and 10 m monofilament heights during the test periods. Temperature and relative humidity averaged 27.4 °C and 32%, respectively, during the test period and were obtained from the Texas A&M University Farm Mesonet Site.




2.3. Processing of Deposition Samples


Approximately 90 s after application, Mylar cards and monofilament lines were individually picked up and placed in plastic bags, stored in an ice chest, and transported to the laboratory for analysis. Ethanol (30 mL) was pipetted into each bag, the bags were thoroughly agitated, and 6 mL of the effluent was poured into a cuvette. The cuvettes were then placed into a spectrofluorophotometer (Shimadzu, Model RF5000U, Kyoto, Japan) with an excitation wavelength of 423 nm and an emission wavelength of 489 nm. To make comparisons between treatments, the fluorometric readings were converted to percent response. The highest fluorometric response within the 5/10/H sensitivity range of the samples was defined as 100% response. All other samples were referenced to this value. The spray pattern was analyzed using a fluorometric tracer method which equates fluorescence to dye concentrations. The fluorescence of processed samples was compared with the fluorescence from a set of reference samples with known dye concentrations, thus facilitating the calculation of the actual amount of dye present in the samples [30].




2.4. Data Analysis


Deposition data expressed as percent fluorometric response were analyzed using the PROC MIXED procedure with wind speed as a covariate [31]. Wind speed at 2 m height was used as a covariate in the analysis. An assessment of normality where the variance is independent of the mean is a prerequisite for conducting parametric analysis of the data. The PROC Univariate analysis of the fluorometric response from monofilament and Mylar samples indicated that the data significantly deviated from the normal distribution (Shapiro–Wilk statistic (W) = 0.88; p < 0.0001). The W is the goodness-of-fit statistic and p is the probability value testing the Ho that the data was from a normal distribution. Arcsine transformation, alias the angular transformation, was proposed for approximating the percentage responses to the normally distributed variates [32,33,34]. However, the monofilament data were analyzed without transformation because the data, when coded in proportions, were well within the 0.3 to 0.7 range for which no transformation was recommended [35,36]. However, Mylar data with proportions ranging from zero to unity were transformed to arcsine√ y, where y was the calculated percent fluorometric response. Each treatment was replicated five times and the replication was treated as a random component in the model. The DDFM = Kenward–Roger in the model statement was used to approximate denominator degrees of freedom. TRT×height and TRT×distance interactions relative to deposition on monofilament lines and Mylar cards, respectively, were partitioned using the SLICE statement. For example, SLICE = height causes a separate F-statistic to be computed for TRT effect at each height. ANCOVA analysis was conducted to test the null hypothesis that the regression lines and the intercepts were parallel, relative to deposition on monofilament lines as a function of wind speed. Graphical displays of the results were constructed using JMP®, Version 12 software [37].





3. Results and Discussion


3.1. Monofilament Lines


One objective of the study was to determine the effect of VGs on off-target spray drift. Drift deposits on monofilament lines positioned at 2, 5, and 10 m heights above ground were numerically higher in the No VG treatment compared to the VG treatment and resulted in a significant difference in drift deposits between the two treatments (F = 7.24; df = 1, 18.4; p > 0.01). Table 2 presents SLICE statements relative to deposition on each of three monofilament lines. Overall, mean percent drift deposits (±standard deviation) on monofilament lines in VG and No VG treatments were 25.32 ± 21.7% and 38.66 ± 22.9%, respectively. Deposition on monofilament lines at 2, 5, and 10 m did not vary significantly between heights (F = 2.39; df = 2, 17.3; p > 0.12). There also were no significant interactions relative to deposition on monofilament lines between treatments (F = 0.06; df = 2, 17.3; p > 0.94), which indicated that the deposition was independent of treatment. Wind speed significantly influenced deposition on monofilament lines in both VG and No VG treatments (F = 5.84; df = 1, 18.9; p > 0.03). Figure 6 shows a scatter plot of the deposits on monofilament lines vis-à-vis wind speed. Drift deposits were significantly less in the VG treatment. The reason for this is not fully understood but may be related to the boundary layer remaining intact as the airstream passes over the top of the wing and interacts with the VGs, creating small vortices that adhere to the upper surface of the wing. These vortices stay in close proximity to the top wing surface and emerge at the trailing edge of the wing with a downward flow trajectory. It is hypothesized that this downward flow trajectory interfaces with the spray plume to move the spray droplets down towards the ground (and intended target) rather than getting caught up in uncontrolled vortices generated without VGs, thus mitigating spray drift. More research is warranted to help understand how VGs reduce drift. The regression equation for the VG treatment is: Y = 43.13X − 85.83, where Y is the percent fluorometric response and X is the wind speed (m/s). The regression equation for the No VG treatment is: Y = 41.67X − 62.62. When comparing the slope coefficients of the VG and No VG treatments for homogeneity, the slopes are parallel (F = 0.00; df = 1, 26; p > 0.96), which demonstrates that the movement of driftable spray particles, once airborne, was comparable in both VG and No VG treatments, relative to wind speed. However, the test for homogeneity for the null hypothesis that the intercepts of the regression lines with a common slope are the same showed that there were indeed significant differences between the y-intercepts (F= 7.41; df = 1, 27; p > 0.01). The y-intercepts may be interpreted as the amount of spray vulnerable to drift. Because the regression lines were parallel, the difference in the least square means was equal to the difference in y-intercepts (least square means for the VG and No VG treatments were 22.34 and 41.64, respectively). These data suggest that there were nearly twice as many drift deposits in the No VG treatment than in the VG treatment.




3.2. Mylar Cards


Deposition on Mylar cards placed at different distances downwind of the flight line of the aircraft varied significantly between treatments (F = 98.41; df = 11, 331; p < 0.0001). Moreover, interaction in deposition between treatments and the distance varied (F = 5.15; df = 11, 331; p < 0.0001). In-swath and downwind deposition on Mylar cards for the VG and No VG treatments are presented in Table 3. From the −25 m data, it can be seen that neither of the treatments caused spray deposits to move upwind. In fact, there were also no deposits for either treatment at −20 m, indicating a healthy crosswind. Downwind deposition for the VGs reached a peak on the downwind edge of the swath at 0 m and thereafter consistently decreased downwind. However, without VGs, downwind deposits reached a maximum at 5 m downwind and then continued to decrease thereafter. Significant differences in deposition between VG and No VG treatments occurred at in-swath locations, −15, 5, and 0 m, as well as at downwind locations from the edge of the swath at 5, 10, and 20 m. The No VG treatment had significantly greater deposits at each of these downwind locations compared to the VG treatment. VGs resulted in a 31.3% reduction in downwind deposits at 5 m, 53.6% reduction at 10 m downwind, and 61.0% reduction in downwind deposits at 20 m downwind. Figure 7 shows an overall in-swath and downwind deposition pattern in the VG and No VG treatments and indicates that the downwind deposition in the No VG treatment was symmetrically broader, suggesting greater downwind deposition compared to the VG treatment. These data show that more spray deposits remained within the swath when the VGs were installed and resulted in less downwind movement of the spray. This could be due to the vortex generators “bleeding off” some of the energy that would have otherwise gone towards the formation of wing-tip vortices. Some of this energy may instead be directing the spray plume back and down rather than out to the wing tips and up. Additional investigation will be needed to verify this hypothesis.



Wind speed did not significantly influence deposition on Mylar cards at ground level between treatments (F = 0.54; df = 1, 41.7; p > 0.46). This is expected as the horizontal wind (surface wind) decreases towards zero near the ground, resulting in a wind speed profile that is logarithmic with height in the surface layer [38].



Figure 8 shows the variability in deposition between VG and No VG treatments in each of the five replications. Except for Rep 3, fewer downwind deposits of dye occurred in the VG treatment compared to the No VG treatment in all other Reps. This shows that the VGs consistently reduced the number of driftable fines transported aloft. Instead, they appear to cause these fines to deposit closer to the swath of the aircraft. Although the results reported here are applicable to VGs manufactured by Micro Aerodynamics and Thrush aircraft, further studies on drift deposits, relative to other airframes and commercially available prototype VGs, are warranted.





4. Conclusions


The development of new aerial application technologies is essential to protect croplands from off-target drift from agricultural spray applications. Aerodynamic devices, known as vortex generators (VGs), are commercially available for use in the aviation industry and are primarily used to increase pilot control of aircraft. Researchers have conducted studies using these devices primarily in the wind tunnel and have demonstrated that they help reduce boundary layer separation and drag coefficient, concomitantly helping to improve the performance of an aircraft. However, no studies exist describing spray deposition and drift when an agricultural aircraft is fitted with VGs. In this study, we sought to determine whether VGs could improve spray deposition and mitigate off-target drift when an agricultural aircraft conducts pest control activities in farm lands. Test results indicate that airborne deposits were significantly less in the VG treatment compared to No VG treatment and that there were nearly twice as much spray deposits in the No VG compared to No VG treatment. Moreover, ground deposit data show that more spray deposits remained within the swath when the VGs were installed and resulted in less downwind movement of the spray. The reason for the difference in spray deposition between VG and No VG treatment is not fully understood, but it is likely that the boundary layer may remain intact as the airstream passes over the top of the wing and interacts with the VGs, creating small vortices that adhere to the upper surface of the wing. These vortices stay in close proximity to the top wing surface and emerge at the trailing edge of the wing with a downward flow trajectory. It is probable that this downward flow trajectory interfaces with the spray plume to move the spray droplets downwind rather than getting caught up in uncontrolled vortices generated without VGs, thus mitigating spray drift. This study was conducted with VGs from a specific manufacturer and installed on a specific agricultural aircraft and hence may not be representative of other VGs on the market. Additional replicated studies using other airframes and commercially available VGs are warranted to better understand the effect of VGs on spray droplet trajectories, spray deposition and drift mitigation.
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Figure 1. A Thrush 510G turbine-powered aircraft spraying a crop over a field (Photo courtesy of Thrush Aircraft). 
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Figure 2. Nozzle set up in the aircraft. 
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Figure 3. Vortex generators installed on the leading edge of a Thrush aircraft. 
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Figure 4. Spray lines (A, B and C) showing in-swath and downwind sampling locations using Mylar cards and monofilament lines. The solid lines represent the upwind and downwind edges of the aircraft swath. 
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Figure 5. Photograph of a Mylar plate placed in position in the field by affixing onto a metal rod for sampling spray deposition. 
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Figure 6. Mean drift deposits on monofilament lines at varying wind speed (m/s). Deposition values for the different heights were pooled since no statistical difference between heights was established. 
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Figure 7. In-swath and downwind deposition on Mylar cards averaged over 5 replications. 
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Figure 8. In-swath and downwind depos