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Abstract: Aerial application is a critical component of modern agriculture, and it is crucial for aerial application of pesticides to 

be environmentally protective and efficacious.  The spray nozzles involved in the application process are a vital component in 

the precise and safe delivery of applied products.  This paper reviews and summarizes the state-of-the-art in aviation nozzle 

technology and the physical processes of nozzle atomization on manned platforms.  Highlights are two main aerial nozzle 

types along with their working principle, the factors that influence atomization performance and new technologies for reducing 

drift and enhancing application efficiency.  Moving forward, the research mainly focused on the development and evaluation 

of drift-reducing and variable-rate technologies, enhanced atomization models, the impacts of aerial tank mix adjuvants, and 

non-conventional application technologies (such as electrostatic or pulse-width modulation systems) are likely to have the most 

significant impact on the aerial application industry.  This review provides a summary of the history and advancements in 

nozzle technologies and encourages further development. 
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1  Introduction  

The increase in intensive agriculture stimulated by the need to 

feed a growing global population has relied on the use of chemical 

pesticides as the first line of defense in crop protection 

programs[1-4].  The use of pesticides is an integral part of modern 

agriculture and contributes to the productivity and quality of the 

cultivated crop[5].  It is estimated that the use of agrochemicals 

will prevent a loss of up to 45% of the world’s food supply[6].  

The application of pesticides by air, or aerial application, is often 

the most economical method for timely pesticide application.  It 

permits large and often remote areas to be treated rapidly, far faster 

than any other form of application.  Additionally, it is not 

destructive to the crop or soil physical structure, which can be 

damaged because of wheels or tracks.  However, the potential for 

uneven spray distribution and drift to adjacent areas continues to be 
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one of the most important issues with respect to aerial spray 

delivery[7-10].  Optimizing aerial spray applications requires the 

proper setup of the spray system, with proper nozzle selection and 

operation being the most critical components.  Nozzle 

performance, especially the atomization characteristics, can 

significantly improve the uniformity of droplet deposition, reduce 

drift and, improve product efficacy[11-16].   

With any spray application system, there is a range of droplet 

sizes created during the atomization process.  This range is 

referred to as the spray droplet spectra and can be described in 

various ways.  The volume median diameter (VMD) or Dv0.5 

(droplet diameter at which 50% of the total spray volume is 

contained in droplets of lesser diameter) is commonly used.  

Droplet size and spray droplet spectra are the dominant factors for 

determining spray drift [17-20].  Smaller droplets in the spray cloud 

have a greater tendency to move off the application site than larger 

ones.  Droplets below 150 mm in diameter are considered to be 

the most prone to spray drift[21], but applicators must also consider 

droplet size for optimum efficacy of the applied material.  Spray 

nozzle selection is the first factor to be considered for aerial 

applicators in determining spray droplet size or spectrum[22-25].  

Secondary considerations are those operational factors that 

influence atomization, such as nozzle angle or deflection relative to 

the airstream, aircraft speed, and spray pressure[26-29].  Secondary 

factors often considered for drift reduction by aerial applicators, 

once nozzle selection and operation are determined, is spray mix 

additives or adjuvants.  Materials added to aerial spray tank mixes 

that alter the physical properties of the spray mixture also affect the 

droplet size spectrum produced[30,31]. 
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With the growing concern regarding environmental protection, 

controlling the drift of pesticides will certainly drive the research 

and development of new spray technologies[32].  Since the first use 

of aircrafts for pesticide spray application in 1921, aerial spraying 

technologies, in particular nozzle technologies, have made 

considerable progress with the continuous development of 

agricultural aircrafts.  The research status and progress of 

agricultural aerial spray nozzles are reviewed and summarized, 

with the two main types of spray nozzles and their working 

principles discussed.  Additionally, the factors influencing nozzle 

atomization performance and a number of new technologies for 

reducing drift and enhancing application efficiency are considered.  

Based on the reviewed literature, research focused on the 

development and evaluation of drift-reducing and variable-rate 

technologies, enhanced atomization models, the impacts of aerial 

tank-mix adjuvants, and non-conventional application technologies 

(such as electrostatic or pulse-width modulation systems) are likely 

to have the most significant impact on the aerial application 

industry.  

2  Development history of agricultural manned 

aircraft-based spraying  

Agricultural aerial spraying has been widely used and 

promoted in agricultural production.  The United States of 

America was the first country to use aircrafts for pesticide spray 

application.  As early as 1921, a modified Curtiss JN-6 “Super 

Jenny” was used for spraying chemical pesticides to eliminate grass 

pests in Ohio, paving the way for the further use and development 

of manned aircraft spraying technologies[33].  In 1922, Curtiss 

biplanes were used to dust cotton fields near Tallulah, LA, to 

control boll weevils.  In 1923, Huff-Daland Dusters, Inc., the 

forerunner of Delta Airlines, performed the first commercial 

dusting of crops with its own specially built aircraft[34].  In the 

early days, aerial applicators were known as “crop dusters” because 

they worked with dry chemicals, mostly insecticides.  Currently, 

aerial applicators primarily deliver liquid based products to control 

pests and diseases and to provide nutrients for agriculture.  By the 

1950s, the aerial application industry began to develop planes made 

especially for aerial application, and some other countries began 

the use of aircrafts for pesticide spray application[35,36].  In the 

1960s, electrostatic spray technologies began to be applied for 

agricultural aerial application[37]. 
 

 
a. Air Tractor AT-502B is powered by a turbine engine and has a 1893-L 

capacity hopper.  Typical application speed is between 58 and 65 m/s 
 

 

b. A Bell/Texas Helicopter M74A Wasp helicopter with spray system that has 

two 208-L tanks.   

Typical application speed is 26.8 m/s (Sidahmed et al., 2005) 

Figure 1  Modern manned spray system 
 

Aerial applications can be performed with both fixed-wing  

aircrafts (Figure 1a) and helicopters (Figure 1b), and the volume of 

the tank ranges from 340 L to 3030 L.  Aircraft airspeeds were 

generally less than 45 m/s in the early days.  Today, they are 

capable of up to 80 m/s[38].  Along with the continuous 

development of agricultural aircrafts and the advancement of 

several types of precision agriculture technologies including global 

positioning system (GPS), geographic information system (GIS), 

aerial remote sensing technologies, variable-rate controllers, and 

variable-rate nozzles, aerial spraying technology has made 

considerable progress[2]. 

3  Development status of agricultural aerial spray 

nozzles  

Nozzles provide the primary means of controlling three factors 

that affect any application and possible off-target movement of the 

pesticide: the application volume, droplet size, and spray pattern.  

Nozzle size and design selection are the most critical parameters in 

aerial spraying because they determine the spray droplet size and 

characteristics of the droplet velocity delivered to the target 

species[39,40].  

Many types of nozzles exist for aerial applications which can 

be divided into two primary atomization methods—hydraulic and 

centrifugal nozzles.  Regardless of nozzle type, droplet breakup 

from secondary air sheer is a unique characteristic associated with 

aerial applications.  While aerial application consists of both fixed 

and rotary wing platforms, the droplet size associated with a given 

application is associated with the nozzle type and operational 

parameters and the airspeed of the application.  Reduction in 

spray droplet size from secondary breakup associated with air sheer 

typically occurs at airspeeds above 20-35 m/s, after which droplet 

size continually decreases with increasing airspeed[41].  

Consequently, the following discussions of nozzle types and 

operational responses are platform (manned fixed-wing versus 

manned rotary-wing) independent, with the assumption that 

applications are being made at airspeeds where secondary breakup 

occurs, which is a valid assumption for most manned aerial 

applications.  In conditions where secondary breakup does not 

occur, the resulting droplet size is associated with nozzle type, size, 

spray pressure, and formulation.   

3.1  Hydraulic atomizing nozzle 

Hydraulic atomizers are a class of devices in which pressurized 

liquid is the primary source of energy utilized to produce a 

spray[42,43].  Hydraulic nozzles include the most commonly used 

types in agricultural spraying, with four of the most common types 

being flat fans, hollow-cones, straight streams, and anvil deflection 

nozzles. 

We take two basic types of nozzles (standard flat-fan nozzles 

and cone spray nozzles) as examples.  The structure of the 

standard flat-fan nozzle is relatively simple (Figure 2a), and the 

liquid inlet is large and wide.  The liquid forms an unstable liquid 

film through the ellipsoid at the bottom and then splits into droplets 

of different sizes.  In a hollow cone spray nozzle, the liquid is 

swirled, typically by means of tangential inlets, slotted distributors, 

vanes, or cores.  As showed in Figure 2b, the spray core is 
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supported by four gear-like parts against the inner edge of the 

nozzle body after the liquid enters the swirl chamber through the 

liquid inlet under high pressure.  A hollow conical atomizing 

sheet is ejected from the orifice at a certain angle by centrifugal 

force.  The angle of the sheet is controlled by the swirl generating 

device, chamber design, and the discharge orifice[42]. 

 
a. Standard fan nozzle               b. Hollow cone nozzle 

Figure 2  Structure diagram of hydraulic atomizing nozzles 
 

3.1.1 Flat-Fan nozzle 

Standard flat-fan nozzles (Figure 3) produce a uniform and 

stable fan-shaped spray with tapered edges and form a long and 

narrow spray pattern while sprayed vertically on the ground[44].  

Nozzle tips are designed to produce fan-shaped patterns at angles 

of 25°, 40°, 65°, 80°, or 110°.  The narrower the fan angle, the 

larger the droplet spectra created.  This is true for both ground and 

aerial applications.  Therefore, fan nozzle tips designed to emit no 

more than an 80° spray pattern are better suited for aerial spray 

applications.  Typically, 40° flat fans are recommended for the 

higher speeds associated with fixed winged aircrafts and 80° flat 

fans are recommended for slower speeds associated with rotary 

wing aircrafts. 

      
Figure 3  Standard flat-fan nozzle 

 

3.1.2  Cone spray nozzle 

Cone sprays come in two basic variations—hollow cone and 

full cone (Figure 4).  Hollow cone nozzles form a ring-shaped 

pattern and a finely atomized spray, which is not easy to block.  

They typically produce smaller droplet spectra compared to flat-fan 

nozzles and are more common in helicopters than in fixed-wing 

aircrafts[38].  The full cone spray nozzle creates a full, circular 

spray pattern.  Full cones typically produce coarser droplets and 

are offered in larger capacities than hollow cone nozzles.  
 

  
a. Hollow cone nozzle b. Full cone nozzle 

 

Figure 4  Common-used cone nozzles 
 

3.1.3  Straight stream nozzle 

Straight stream nozzles (Figure 5) create a stream of spray at 

the nozzle outlet as opposed to the fan-shaped pattern of a flat-fan 

nozzle.  Straight stream nozzles may be referred to as 00-degree 

fan angle nozzles because they are typically oriented straight back 

with the spray stream parallel to the surrounding airstream to 

produce large droplets with lower drift potential compared to other 

nozzle types.  These nozzles provide a way to produce large 

droplets at higher airspeeds when the flow volume of the stream 

from the nozzle matches the airspeed.  

3.1.4  Anvil deflection nozzles 

Anvil deflection nozzles (Figure 6) also create a fan-shaped 

pattern.  They are different from flat-fan nozzles in that the fan 

pattern is created by deflecting a straight stream downward and 

outward by a deflector[42].  The deflector is a smooth curved 

surface at the end of the nozzle.  With this type of nozzle, primary 

atomization can be achieved more effectively by impacting or 

deflecting the liquid stream on a surface.  Greater secondary 

atomization is also achieved with a deflection because the liquid is 

injected into the flow field at a greater angle of incidence (the 

relative velocity of the flow field is increased)[45].  Atomization 

with this type of nozzle results in the generation of a wide spectrum 

of droplet sizes.  Anvil deflection nozzles used for aerial 

applications have adjustable orifice sizes and deflection angles.  

The ability to change the orifice size on a single nozzle allows the 

aerial applicator to quickly change between spray application rates.  

Changing the deflection angle changes droplet spectra. 
 

 
Figure 5  A nozzle body with three individual tips mounted on it.  

The tip on the left is a straight stream nozzle.  The other two tips 

are flat-fan nozzles. 
 

 

 
Figure 6  Anvil deflection nozzle with 3-Way deflector with 30°, 

55°, and 90° deflections 
 

3.2  Centrifugal atomizers (rotary atomizers)  

The hydraulic atomizing nozzle works on the nozzle liquid 

film colliding with the air to form finer droplets.  A centrifugal 

atomizer utilizes the kinetic energy of a rotating mechanism as the 

primary source of energy to produce a spray spectra[42].  Therefore, 

the required pressure is much smaller, which results in a narrower 

droplet spectrum[46,47].  The advantage of this type of atomizer 

offers is that it does not clog. 

The rotating surface may take the form of a disk, cup, or 

hollow cylindrical cage.  Thus, a centrifugal atomizer is divided 

into three categories: rotary disk atomizer (Figure 7a), rotary cup 

atomizer (Figure 7b), and rotary cage atomizer (Figure 7c).  We 

take the rotary cup atomizer as an example (Figure 8).  Liquid is 

fed to the interior surface of a spinning cup, from which it is 

dispensed by centrifugal force to form a spray.  In some designs, 

the edge of the cup is serrated to encourage more uniform drop size 

distribution in the spray.  A flow of air around the periphery is 

sometimes used to shape the spray and to assist in transporting the 

droplets away from the atomizer [48].  Rotary nozzles are the most 
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effective when being used on low to medium viscosity liquids.  

When dealing with high viscosity liquids, atomization becomes 

very coarse, which is not good for most applications.  

The droplet spectrum size of rotary atomizers is determined by 

the speed of the rotating mechanism.  The faster the mechanism 

spins, the smaller the droplet spectrum is[49,50].  Rotary atomizers 

have a smaller droplet spectrum compared to flat-fan, straight 

stream, and deflector style nozzles.  They are commonly used for 

low volume and ultra-low volume applications of insecticides and 

fungicides and are used in vector control applications for adult 

mosquitoes.  While unmanned platforms use rotary disk atomizers 

and rotating cup atomizers, manned platforms primarily use rotary 

cage atomizers that comprise a rotating, hollow cylindrical cage in 

the interior of which liquid is introduced that flows through 

passages to the cage openings, where it is broken up into drops, 

rotary cage atomizers cannot produce narrow distribution as rotary 

disc or cup.  Aircraft speed and the pitch setting of the atomizer 

blades determine the cage rotational speed of wind driven units.  
  

  

a. Rotary disk atomizer   b. Rotary cup atomizer 
 

 
c. Rotary cage atomizer 

Figure 7  Rotary atomizers 

 
Figure 8  Structure diagram of rotary cup atomizer 

 

3.3  Aerial electrostatic nozzles 

Electrostatic application to agricultural pesticide spraying has 

made advances and developments via off-target pest control to 

increase bio-efficacy and deposition efficiency[51-53]. 

The electrostatic spray of pesticides forms an electric field 

between the electrostatic spray nozzle and the crop target through a 

high-voltage static electricity generating device.  The spray 

droplets are charged under the action of the electric field of the 

electrode to form a charged mist droplet group.  Pesticide droplets 

are rapidly deposited on the surface of the plant by electrostatic 

force, airflow drag, and gravity.  The droplets that are off the 

target are also affected by the canopy attraction force, forming a 

“static surround” effect, which reduces the drift of the pesticide 

droplets and increases the amount of droplets deposited on the back 

of the blade.  In the 1960s, Law and Bowen[54] used inductive 

charging for electrostatic spray of pesticides and proposed that 

electrostatic spray combined with air spray can help droplet 

deposition and penetration.  The best electrostatic spray droplet 

size was recommended.  Carlton[55], and Carlton et al.[56] 

conducted a study on electrostatic aerial spraying technology and 

developed an electric rotary nozzle designed to reduce spray drift.  

The results showed that electrostatic spray technologies can 

decrease the droplet drift to a certain degree by accelerating the 

deposition process of charged droplets and increasing the 

penetration of droplets in a crop canopy.  Spectrum electrostatic 

sprayers (SES), Inc. purchased the patent of Carlton and brought 

the aerial electrostatic spray system to the market.  With the new 

injection nozzle body developed by SES, the aerial electrostatic 

spray system was more developed, as shown in Figure 9, and has 

been used on various small and medium aircrafts[57]. 
 

 
Figure 9  Spectrum electrostatic spray system 

 

Other scholars have also performed a lot of scientific research 

on electrostatic spray technologies.  Zhou et al.[58] designed and 

studied aerial electrostatic single-nozzle applied in the light plane.  

Results showed the improved nozzle increased the droplet 

deposition by 18/cm2, shortened the operation time, reduced the 

pesticide quantity by 5.22 L/hectare, and improved the effective 

pest control rate by 33.8%.  Lan et al.[59] studied the atomization 

characteristics and spray deposition of electronic nozzles.  The 

results showed that the optimal electrode voltage was 8 kv, and the 

optimal electrode material was copper.  Of all droplets, 

electrostatic force had the most effect on the droplets between   

50 µm and 120 µm, doubling the deposition amount.  Furthermore, 

the spray droplet density was decreased as the droplet size was 

increased over 120 µm.  The size of most droplets deposited on 

target was under 180 µm. 

3.4  Characteristics and application of commonly used nozzles 

for plant protection of manned aircrafts    

The type of nozzle determines the internal structure of the 

nozzle, which in turn determines the characteristics of spray and its 

application.  Various parameters to quantify the performance of 

nozzles include anti-clogging, volumetric flow rate, discharge 

angle, droplet spectrum values of Dv0.1 (droplet diameter at which 

10% of the total spray volume is contained in droplets of lesser 

diameter), Dv0.5 (similar to Dv0.1 but 50% of total spray volume), 

and Dv0.9 (similar to Dv0.1 but 90% of total spray volume), and 

uniformity of deposition distribution[60].  Table 1 summarizes the 

performance parameters, characteristics, and applicable occasions 

of the commonly used nozzles for plant protection of manned 
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aircrafts.  Generally, larger angle flat-fan nozzles (>80, hollow 

cone nozzles) and larger anvil angle (>5) nozzles are used at lower 

airspeeds (rotary and smaller fixed-wing platforms) as a result of 

the smaller droplet sizes generated, particularly as secondary 

breakup increases (i.e. higher airspeeds).  Modern, faster aircrafts 

tend to use smaller angle flat fans (<40), straight stream nozzles, 

and in some unique cases, rotary atomizers.  With increased 

public and regulatory concerns related to spray drift and off-target 

impacts, most agrochemical applications (across all platforms, 

ground or air) tend toward more conservative, larger droplet-sized 

sprays with the primary goal of reducing drift potential.  This can 

lead to poor coverage or efficacy unless metrics such as spray 

pattern uniformity and coverage are considered along with droplet 

size. 
 

Table 1  Nozzle parameters, characteristics, and applications of commonly used nozzles for plant protection using manned aircrafts 

Nozzle type Spray angle Advantage Disadvantage Application 

Flat-fan nozzles 40°,80° 

produce a uniform and stable fan-shaped 

spray, a very common nozzle type for 

aerial applications 

easy to clog 
application of many different types of pesticides, 

including fungicides, insecticides, and herbicides 

Hollow cone nozzles 80° 

finely atomized spray, not easy to clog, 

operated pressures range from 276 kPa  

to 690 kPa 

the spray angle is generally only 

80°, and smaller droplet spectra 

than that of fan nozzle 

directed spraying and other specialty applications, and 

more common on helicopters than on fixed-wing 

aircrafts 

Straight stream  

nozzles 
0° 

larger droplet spectrums size than the 

flat-fan nozzles 
Only 0-degree deflection herbicide applications 

Deflector nozzles adjustable 

have adjustable orifice sizes and 

deflection angles, and produce a wide 

spectrum of droplet sizes 

more fine droplets than flat-fan 

nozzles 
wide variety of applications 

Rotary atomizers 
not  

changed 

high flow rate; low pressure; small 

droplet spectra, uniform and controllable; 

not clog 

complex system; air pumping 

effect; generate large lateral 

spray cloud dispersion 

commonly used for low volume and ultra-low volume 

applications of insecticides and fungicides and are 

used in vector control applications for adult mosquitoes 
 

4  Research status of spray nozzle technology 

Agricultural aviation research has long focused on atomization 

characteristics of the spray nozzles used in agricultural aircrafts.  

Droplet size and spray droplet spectra are the dominant factors 

determining spray drift, with small droplets more prone to drift 

from the application zone than large droplets.  According to a 

study conducted at the Ohio State University, drift is far less likely 

to be a problem when spraying with droplets of 200 µm and larger 

in size[61].  Droplet size associated with aerial application nozzles, 

within specific nozzle types and spray solutions, is dependent upon 

four primary factors: orifice size, spray pressure, orientation angle, 

and airspeed[62]. 

4.1  Factors affecting nozzle performance 

4.1.1  Nozzle parameters (orifice size and orientation angle) 

The effect that the orifice size has on the droplet spectrums 

size which is dependent on the type of nozzle has been highlighted 

in several studies.  As for flat-fan, hollow cone, and deflector 

nozzles, the larger the orifice size, the larger the droplet size.  

However, the variation in droplet spectrum size among the different 

orifice sizes of deflector nozzles tends not to be as great as with the 

flat-fan or hollow cone nozzles.  Orifice size of straight stream 

nozzles affects droplet spectra as well, but the trend is the opposite 

of the other nozzle types at similar pressures.  Increasing the 

orifice size decreases droplet size at fixed wing speeds[63-67].  

The orientation angle of nozzles is also one primary factor that 

affects droplet size because different angles produce various 

degrees of shearing.  For a specific nozzle type and operating 

parameters, increasing the angle decreases droplet size and 

increases the percentage of spray volume in small droplets.  The 

largest droplet spectra will be created when a nozzle is oriented so 

that the liquid enters the airstream parallel to high-speed 

air[20,26,62,68,69].  Nozzle types include flat-fan nozzles, straight 

stream nozzles, and hollow cone nozzles whose orientation angle 

can be adjusted by orienting the entire nozzle body.  For a 

deflector nozzle, the nozzle itself remains mounted parallel to the 

airstream; the deflection is changed by switching the deflector plate 

at the end of the nozzle[42]. 

4.1.2  Spray operational variables (aircraft speed and operating 

pressure) 

Compared with unmanned aerial application, aircraft speed 

plays a key role in the atomization process, as the corresponding air 

shear results in secondary breakup of the spray with higher 

airspeeds resulting in smaller droplets[20,26,70].  Shear stress is 

exerted on droplets as they exit the nozzle, with the velocity 

differential between the fluid velocity and the surrounding 

airstream causing secondary breakup.  In a high-speed airstream, 

there exists some critical droplet diameter, for a given differential 

velocity between the droplet and the surrounding airstream, below 

which shatter does not occur[71,72].  

Secondary breakup from air shear for typical agricultural 

nozzles typically occurs at airspeeds above 20-35 m/s[41].  Manned 

aircrafts normally operate at airspeeds that result in secondary 

atomization.  Fritz et al.[73] evaluated the potential of using 

elevated spray pressures to mitigate air shear effects by increasing 

nozzle fluid exit velocities under aerial application airspeeds using 

a formulated active product and adjuvant-based spray solutions.  

Results showed that for typical high-end application airspeeds, 

increasing spray pressure from the lowest to highest values tested 

generally resulted in spray classifications increasing at least one 

size coarser.  Although higher spray pressures do not offer a 

complete solution to obtaining larger droplets at higher airspeeds, 

higher pressures will generate a medium to coarse spray for a 

formulated herbicide product at the industry’s typical maximum 

application airspeed of 71.5 m/s; and further, they have the 

potential to create a medium spray at even higher airspeeds.   

As for operating pressure, a general rule for aerial applications 

for many nozzle types operating at a higher pressure is the increase 

in droplet spectrum size[74], which is the opposite of what occurs 

for ground applications.  This occurs because the higher pressure 

generates a higher exit velocity, which reduces the shear effect and 

secondary break up from the high air flow.  As the airflow 
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velocity increased, the significance of spray pressure on the 

spraying spectra of nozzles was gradually weakened[75]. 

4.1.3  Additives or adjuvants  

There are active ingredients and other constituents called 

additives or adjuvants in pesticide formulation.  The active 

ingredient ensures biological activity, and additives or adjuvants 

are compounds that are not biologically active and that are 

combined with the active ingredient as part of the formulation to 

help improve the performance of the active ingredient or modify 

the physical properties of the spray[76].  These effects cause 

changes in the spray formation mechanism and break-up is altered; 

subsequently, droplet formation and size distribution may be 

significantly modified[77].  These adjuvants or additives can be 

very diverse with classifications such as water conditioning agents, 

surfactants, oil concentrates, humectants (evaporation retardants), 

ammonium fertilizer solutions, compatibility agents, defoamers 

(antifoamers), stickers, and drift suppressing agents (deposition and 

detention aids).  A classification based on the chemical class of 

the compounds is shown in Table 2.  There are essentially three 

relevant physical properties of spray liquids that influence the 

mechanism of spray formation[78].  These properties are 1) shear, 2) 

extensional viscosity, 3) surface tension, and 4) the presence of 

inhomogeneities in the spray liquid such as emulsion droplets or 

solid particles[5].  As the velocity of the flow field is increased 

relative to the droplet, the disruptive aerodynamic forces exerted on 

the droplet overcome its forces of surface tension and viscosity, 

which act to stabilize it[46].  Thus, the greater the surface tension 

and the greater the viscosity of the spray liquid, the greater will be 

its ability to resist shear stress and retain its aerodynamically stable 

spherical shape in the atomization process.  It is often held that 

modification of the surface tension and viscosity of the spray liquid 

by inclusion of adjuvant will result in the generation of a coarser 

spray[79].   
 

Table 2  Classification of adjuvants by chemical class 

Classes Subclasses 

Oils Mineral or petroleum oil 

 Vegetable (seed or crop oil) 

 Derivatives [(EO/PO) 

 transesterified plant triglycerides] 

Surfactants Anionic 

(emulsifier, wetter, spreader, Cationic 

penetrator, trisiloxane) Nonionic 

 Amphoteric 

Fatty acids Esterified fatty acids 

(vegetable origin) Alkoxylated (EO/PO) 

 esterified fatty acids 

Wax polymers Natural polymers 

 Synthetic polymers 

Solvents Cosolvents, coupling agents 

Terpenes  

Alcohols Mono-, di-, or polyalcohols 

Diluents  

Buffer aids Inorganic or organic 

 Acids or bases 

Phospholipids  

Inorganic salts  

Urea  

Proteins  

Inorganic fillers  
 

The general mode of action of polymeric materials is based on 

the increase of the liquid viscosity which induces the formation of 

coarse sprays by shifting the droplet size distribution to a larger 

size.  Water soluble synthetic polymers were the dominant 

components of most of the adjuvants that were first designed and 

marketed for spray drift control[80].  Gratkowski and Stewart[81] 

discussed several spray adjuvants designed to reduce herbicide drift 

by increasing droplet size because of either increased viscosity of 

the spray solution or the production of larger particles or globules 

containing the herbicide.  These adjuvants were classified as 

invert emulsions, spray thickeners, particular agents, and foaming 

agents.  Research has shown that polymers can be an effective 

tool for increasing droplet size and reducing spray drift.  Bouse et 

al.[18] tested six different polymer materials to determine their 

effectiveness for modifying the size of spray droplets produced in 

an airstream.  The effect of polymer concentration on droplet size 

was found to be dependent on polymer type.  Polyvinyl and 

polyacrylamide polymers were found to be more effective than 

linear alkyl epoxide or polyamide copolymers in increasing VMD 

and reducing the percentage of spray volume comprising small 

droplets subject to spray drift.  Shearing the polymer spray 

mixtures by multiple passes through a gear pump reduced both the 

liquid viscosity and the size of spray droplets produced by 

disc-core nozzles in a 190 km/h airstream.  Guler et al.[82] 

performed a laboratory study and found both nonionic colloidal and 

polyvinyl polymer drift retardants reduced the drift potential 

compared to the spray carrier containing water only.  

The effect of surface tension and inhomogeneities on the spray 

droplet size differs as the nozzle type changes[77,83].  A decrease in 

the dynamic surface tension generally leads to the formation of 

finer sprays for flat fan and hollow cone nozzles[84,85].  Nozzles 

that use air in the spray formation process such as the air induction 

design are more sensitive to changes in the physical characteristics 

of the spray liquid than conventional hydraulic pressure nozzles, 

and the changes do not follow the same trends as with conventional 

nozzles[30,86].  Polymers have little effect on the surface tension of 

spray solutions, so surface tension is mostly controlled by 

surfactants.  Additives such as spreader and wetting agents 

contain surfactants that promote the wetting and coverage of the 

target surface by reducing surface tension[87].  Other works 

demonstrated that spray liquids that contain emulsified oils 

increased spray droplet size and at the same time decreased the fine 

spray fraction compared to water sprays when atomized through a 

flat fan, a hollow cone, or a twin fluid nozzle[88-90].  Emulsions 

decreased the sheet length at breakup and thus produced coarser 

sprays than water.  However, when sprayed through an air 

induction nozzle, emulsions can reduce the mean droplet size 

compared to water[91,92].  Hoffmann et al.[93] evaluated the effects 

of six commonly used classes of spray adjuvants with rotary 

atomizers and found if an applicator’s only concern was 

minimizing spray drift, the applicator could choose a polymer or 

high surfactant oil concentrate for helicopter speeds and a polymer 

for fixed-wing applications.  For applicators working under hot, 

dry conditions where evaporation is a concern, choosing an 

oil-based adjuvant to help get better coverage by increasing 

non-volatile fraction.  Fritz et al.[73] demonstrated by testing that 

crop oil-containing adjuvants resulted in the largest droplet-sized 
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sprays and the silicones and polymers resulted in the smallest.  

Increasing spray pressure increased droplet size across all 

combinations of nozzle, airspeed, and spray solutions.  Fritz et 

al.[94] also found that the addition of several adjuvants and foliar 

fertilizers was found to increase the numbers of fine droplets seen 

in the applied spray clouds.  Efforts were made to correlate 

physical properties such as surface tension and viscosity to spray 

droplet size, but these efforts were unsuccessful. 

The use of anti-drift and anti-evaporation tank-mix spray 

adjuvants has been studied to improve the efficiency of spraying 

performance both in wind tunnel and field aerial spray studies[95-101].  

The results indicated that a few of the products exhibited the 

potential to reduce the amount of drift.  Droplet sizes for Dv0.1, 

Dv0.5, and Dv0.9 increased with the addition of drift 

control/deposition aid products into the tank mix.  The increases 

were variable across products and aircrafts.  However, drift 

reduction adjuvants (DRA) into an aerial pesticide application were 

ultimately dependent upon the operating conditions.  Overall, 

airspeed had the greatest treatment effect.  At airspeeds below the 

air shear effect, the droplet size distributions (DSD) were most 

affected by nozzle type.  At higher airspeeds, the DSD could be 

influenced toward lower drift potential by inclusion of a DRA, 

particularly when using a narrower angle, higher flow rate nozzle 

and at a lower airspeed for fixed-wing aircrafts[22,31]. 

4.2  Spray nozzle classification by droplet spectra 

Accountability of spray drift, nozzle selection, and spray 

application droplet spectra has increased the interest in 

standardizing spray nozzles.  Nozzle classification standards 

provide for relative classification of spray produced from nozzles 

by comparison with the droplet spectra produced by specified 

reference nozzles. 

In 1985, the British Crop Protection Council (BCPC) proposed 

a system for classifying sprays, and the nozzles producing them, 

into categories of spray quality[102].  The resulting droplet size 

spectra were compared to a set of standardized sprays produced by 

specific combinations of reference nozzles and pressures.  The 

BCPC method was subsequently modified to define droplet spectra 

thresholds or boundaries between categories by considering the 

drift potential of sprays[103].  This allows a more accurate and 

comprehensive way to characterize the spray produced by nozzles 

and other atomizers and a more flexible way to indicate the 

desirable or mandatory spray characteristics to the end-user.  It 

specifies the flat spray reference nozzle discharge angles, flow 

capacities, and operating pressures.  Following the BCPC 

classification scheme, the American Society of Agricultural and 

Biological Engineers (ASABE, former ASAE) developed a similar 

scheme in August 1999.  It was reaffirmed in February 2004, after 

revision in March 2009, and ASAE Standard S572.1 “spray nozzle 

classification by droplet spectra” was approved as a American 

national standard in 1999 and used by US EPA[104].  There was a 

recent revision to fix a couple of types and is currently called 

S572.2 since July 2018.  The ASAE standard used the general 

term “droplet spectra classification,” or DSC, to define a modified 

range of droplet size categories, and it defines DSC categories 

ranging from very fine (VF) through fine (F), medium (M), coarse 

(C), very coarse (VC), to extremely course (XC) (Table 3).  These 

categories and thresholds between categories were further defined 

by a set of reference spray nozzles operating at specified conditions 

and measured by a laser-based droplet-sizing instrument.  

Numeric thresholds between adjacent categories were not specified 

in the standard because exact droplet spectra data depended on the 

laser instrument being used, measurement methods, sampling 

technique, etc.[105].  The standard specifies that the same laser 

instrument and operating protocol must be used for classifying both 

the reference nozzles and nozzles being classified.  The purpose 

of classification was to provide the nozzle user with droplet size 

information primarily to indicate off-site spray drift potential and 

secondarily for application efficacy.  This standard defined droplet 

spectrum categories for the classification of ground application 

nozzles, relative to the specified reference fan nozzles discharging 

spray into static air or so that no stream of air enhances atomization.  

It provided a method by which different labs can compare droplet 

sizes from nozzles and spray solutions of interest.  The use of a 

relative classification scheme based on a set of reference sprays 

was used.  The reference nozzles also allowed for relative 

comparisons of nozzles operating at different conditions for 

changes in DSC[29].   

Table 3  Droplet classification system (ASAE standard S572 

classes) 

Nozzle category Symbol Color code VMD 

Very fine VF Red <150 

Fine F Orange 150-250 

Medium M Yellow 250-350 

Coarse C Blue 350-450 

Very coarse VC Green 450-550 

Extremely coarse XC White >550 
 

Kirk was the first to apply the droplet size classification (DSC) 

standard to aerial nozzles in 2003.  He assessed spray droplet size 

for a given nozzle based on the effects of the four significant 

parameters—orifice size, spray pressure, orientation angle, and 

airspeed—using a response surface method (RSM), specifically the 

experimental design proposed by Box and Behnken[106].  Kirk 

developed a series of models such as “atomization models for 

helicopter spray nozzle” and “atomization models for fixed-wing 

aircraft spray nozzles” that allowed prediction of droplet size 

characteristics at any combination of the four parameters [20, 

107].These models have been well received by now and provide a 

significant benefit to the agricultural aviation industry.  However, 

with today’s modern, larger aircrafts with cruising speeds of up to 

85 m/s and while typical application working speeds do not exceed 

71.5 m/s, as agricultural production and crop production needs an 

increase, future application speeds might well exceed these 

airspeeds.  For the former fixed-wing nozzle models, airspeeds are 

limited to 71.5 m/s because of the maximum velocity that could be 

generated by the fan that is used.  Additionally, the models limit 

spray pressure to 414 kPa, but with the potential for higher spray 

pressures to increase droplet size, there is a need to increase the 

range of existing models to higher pressures.  Increasing the 

pressure limits with the new models will allow applicators an 

additional means of controlling droplet size.  Finally, the models 

limit the nozzle orientation angle on the CP11TT and disc orifice 

straight stream tips to 20°.  For these reasons, with the update of 

the droplet-sizing facilities used in the testing and evaluation of 

nozzles and other spray technologies, Fritz and Hoffmann [14] 

updated these models to reflect the current state-of-the-art 

measurement methods to extend the operational limits of spray 

pressure and airspeed and to include new nozzles that were not in 
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the previously developed models in 2015.  Fritz and Hoffmann[15] 

also developed a set of computational models for 14 commonly 

used aerial application spray nozzles used on rotary and lower 

airspeed aircrafts and released them for use by applicators.  These 

models (the USDA ARS spray nozzle atomization models for 

rotary wing aircraft) allow applicators to determine the droplet size 

characteristics associated with their specific nozzle and operational 

setup, determining the proper combination of orifice, pressure, 

orientation, and airspeeds from 22 to 54 m/s.  Teske et al.[108] 

updated AGDISP (AGricultural DISPersal) models, including the 

implementation of a quadratic droplet evaporation model and its 

behavior as Reynolds number approaches zero, a more accurate 

time step algorithm tied to droplet settling velocity, an optical 

canopy model, a Gaussian model for far-field extension (downwind 

to 20 km), an Eulerian model for tracking volatile active spray 

material. 

Hewitt[109] determined a set of nozzles and pressures that could 

be operated at typical aerial application airspeeds and return similar 

droplet size data and DSCs to those from ASAE S572.1.  Several 

national and international regulatory agencies highlighted the need 

for a recognized standard defining DSCs associated with these 

aerial nozzle models.  ASABE Standard S641 “DSC of aerial 

application nozzles” was developed based on the nozzles and 

pressure established by Hewitt in 2008.  The new standard 

dedicated nozzle/spray pressure pairs designed to generate similar 

classification boundaries to current standards while operating in 

high airspeed conditions.  To support the application of this 

standard, multiple sets of dedicated droplet size matched nozzles 

were developed[110]. 

4.3  Variable-rate spray technology 

Variable-rate spray technology is the core of precision aerial 

spraying.  In the context of aerial application, variable-rate control 

can simply mean terminating spray over field areas that do not 

require inputs, terminating spray near pre-defined buffer areas 

determined by Global Positioning, or applying multiple rates to 

meet the variable needs of the crop[2].  The technology for variable 

flow rate includes: pressure control, variable flow rate nozzles, and 

pulse-width modulation (PWM) control technology. 

The earliest applied technology for variable flow rate involves 

increasing or decreasing the system pressure.  Discharge rate 

across a fixed nozzle orifice is proportional to the square root of 

pressure, and it is a typical nonlinear relationship.  Slightly 

increasing or decreasing the spray pressure allows minor 

adjustments to the nozzle flow volume, and changing pressure also 

changes atomization dynamics, but this adversely affects spray 

deposit and spray drift; therefore, the pressure variation range of 

pressure regulation cannot be large when using the linear control 

method.   

Using the traditional fixed orifice nozzle for variable-rate spray 

has some limitations.  Therefore, the need for a variable-rate 

nozzle with uniform pressure has emerged.  Based on the theory 

of the orifice area varying with pressure, the nozzle orifice size is 

flexible and enlarges or reduces as the system pressure increases or 

decreases.  Walker and Bansel[111] developed a variable-orifice 

nozzle.  They used two thin flat rectangular plates joined along the 

long sides and at one end.  Liquid was forced between the plates 

such that the hydraulic pressure deformed the plates to open the 

end that was not joined.  Spray was discharged through the 

opened end.  Flow rate depended on the width of the nozzle, plate 

thickness, water pressure, metal strength properties, and shape of 

the tip.  The discharged flow rate linearly increased as hydraulic 

pressure increased.  They noted that a characteristic small spray 

fan angle was a limitation.  Womac and Bui[112] discovered that a 

split-end meter plunger in a tapered sleeve can serve as a variable 

orifice that varied flow rate and droplet size and created a fan spray 

by impinging streams of liquid together.  They developed a 

new-concept variable-flow fan nozzle (VFFN) that was capable of 

controlling flow rate and maintaining a proper spray pattern and 

droplet size over an expected range of flow rates.  The design of 

the VFFN nozzle was a combination of variable-area pre-orifice 

and variable-area spray orifice.  The design has been adopted by 

the US Spray Target company to form the VariTarget series, 

VeriJet series, and VeriFlow series products. 

Another development direction of the variable nozzle is the 

integration of the electronic control into the nozzle to realize 

mechatronic nozzles.  Daggupati[113] designed a nozzle integration 

scheme that drove the spool action by controlling the on/off of the 

solenoid valve to achieve variable spray.  Funsenth et al.[114] 

developed an agricultural spray nozzle.  A circular flow control 

disk was located in the fluid chamber on the planar surface so as to 

be between the inlet and outlet, and it was controlled by an electric 

stepper motor.  Needham et al.[115] proposed a method of coupling 

a proportional solenoid valve to nozzles to control the fluid 

pressure to individual agricultural spray nozzles to regulate the 

resulting spray droplet size spectrum.             

In recent years, PWM has been used to control nozzle flow 

rates while maintaining constant pressure.  This general approach 

is typically used in industrial control systems using electrical, 

hydraulic, or pneumatic actuators.  The electronic execution unit 

is controlled mainly by a fast on and off (pulse mode) conversion 

device, and the speed at which the conversion device is pulse 

driven is the frequency.  The relative proportion of time during 

which the valve is open is called the duty cycle and is an important 

parameter in the PWM technology.  PWM ground sprayers have 

successfully improved the application accuracy through flow 

control, turn compensation, and high-resolution overlap control by 

pulsing an electronically actuated solenoid valve that controls the 

relative proportion of the time each solenoid valve is open.  Giles 

et al.[116] experimentally studied the effects of variable frequency 

and pulse-width intermittent spraying on the velocity and kinetic 

energy of spray droplets, and gave a flow adjustment range of 4:1 

for the flat-mouth fan nozzle.  Giles et al.[117] further studied the 

relationship between system pressure and flow under PWM control 

by installing a solenoid valve at the inlet of the nozzle, determined 

the flow control range, and predicted the feasibility of a 

commercial variable sprayer.  Gopalapillai et al.[118] used PWM 

control to vary the nozzle flow rate in the ratio of up to 9.5 to 1 

without a significant change in the spray pattern.  Shahemabadi 

and Moayed[119] proposed an algorithm to improve the PWM 

algorithm.  By controlling the rising or falling state of the valve 

opening corresponding to the high and low pulse levels, an 

adjustment range of the flow rate from 0% to 100% can be realized 

according to the adjustment precision of 2.5%.  This should be a 

significant improvement over conventional PWM which limits the 

range of possible flow rates from 25% to 75%.  Gu et al.[120] 

evaluated the effect of modulation rate, spray solution, air velocity, 

and liquid pressure on DSD produced from an air-assisted, five-port 

nozzle coupled with PWM solenoid valves.  Liu et al.[121] 

developed a multi-channel PWM integrated controller for the needs 

of wide-beam spray nozzles, which can implement independent 
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PWM control for each head of a multi-head system.  Qiu et al.[122] 

reported that a linear relationship between duty cycle and flow 

could be achieved.  Butts et al.[123] researched the droplet size 

distribution and nozzle tip pressure when influenced by PWM duty 

cycle.  Results showed that AI nozzles were not recommended for 

PWM systems as they may lead to inconsistent applications, 

specifically with regards to droplet size generation and nozzle tip 

pressures.  Spray pressures of 276 kpa or greater and PWM duty 

cycles of 40% or greater are recommended to ensure proper PWM 

operation. 

5  Future development of aerial nozzle 

With the growing concern regarding environmental protection 

and the continuous development of agricultural aircrafts, the aerial 

spraying technology with nozzles has made considerable progress.  

As the demand for food and ecological security continues to rise, 

more research is needed to enhance the current technologies and 

create new ones to improve the delivery accuracy and efficiency. 

5.1  Drift-reducing and variable technology  

The design of aerial nozzles is similar to that of the ground 

application equipment, but there are some differences.  First, the 

flow rate of aerial spray nozzles is very large as the speed of the 

aircraft is relatively fast.  Second, the nozzles are affected by air 

shear as a result of high-speed air flow.  Third, the installation 

angle of the aerial nozzle is different from that of the ground nozzle, 

and the high-speed air flow directly affects the droplet spectrum.  

Today’s modern, larger aircrafts have cruising speeds up to 85 m/s, 

and high airspeed can result in further breakup of the spray liquid 

into smaller drops because of air shear.  The higher the airspeed is, 

the more secondary breakup happens.  Design of nozzles that 

produce optimal droplet size spectra for mitigation of off-target 

drift and to provide maximum application efficacy is the first step 

for the development of intelligent sprayers.  These desired size 

ranges with consistent DSD require the nozzles to operate within 

proper boundaries of their design pressure.   

5.2  Spray nozzle atomization model 

Spray nozzle atomization models are needed to provide aerial 

applicators with droplet size information for an increased range of 

nozzles and operational settings, allowing for better nozzle 

selection and operational guidance.  A series of models have been 

developed for nozzles being used on rotary wing aircrafts and 

fixed-wing aircrafts.  With the droplet-sizing facilities used in the 

testing and evaluation of nozzles and other spray technologies 

being updated, more research is needed to enhance these 

technologies and create new technologies for accuracy.  

Additional atomization data and models should integrate the 

growing number of new, formulated active ingredient products as 

well as the growing number of spray adjuvants and complex tank 

mixtures used in the real-world.   

5.3  Aerial adjuvants or additives  

Spray atomization is influenced by the physical properties of 

spray liquids, and numerous studies have shown the effect of 

formulated products on spray drift, but drift reduction with an 

appropriate nozzle is greater than that achieved by a formulated 

product, and it appears that formulated products can be used in 

addition to accepted drift-reducing application technologies or 

when these technologies are not available for use.  The formation 

of a spray is the result of interaction between the nozzle and the 

spray liquid and air shear.  The way in which an individual 

adjuvant acts is nozzle dependent, so it is difficult to generalize the 

effect of adjuvants on the formation of sprays.  Some studies on 

the combined effect of nozzle type and physical properties of spray 

liquids have been presented in this study, and more research is 

required to focus on the atomization mechanism and develop a 

classification scheme based on drift-reducing properties of 

formulation types. 

5.4  Electrostatic spray technology 

An analysis of the literature presented in this study has 

highlighted the potential applications for the use of electrostatic 

spray technology in aerial application of pesticides.  Electrostatic 

spray has the advantage of high efficiency of droplet deposition, 

but the application effect is still not ideal and has not been widely 

promoted currently because the influencing factors of the 

electrostatic spray effect are numerous and complicated, and the 

influence mechanism of many parameters such as environmental 

parameters, operating parameters, and target parameters on the 

deposition efficiency of charged droplets is unclear.  The technical 

suitable range and best operating conditions for different crop pests 

have not been established.  More critically, while electrostatic 

systems have been available for some time, their use rate is low 

because of the lack of labeled pesticide products that allow their 

use.  Additional field data documenting the impact of electrostatic 

systems on the ultimate transport and fate of applied sprays is 
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required to aid the regulatory decision-making process. 

6  Summary 

Aerial application of pesticides is a critical component of 

modern agriculture, offering an economic and time-sensitive means 

of delivering crop production and protection products effectively 

while maintaining environmental stewardship and providing 

efficacious results.  The nozzle is the core component of the spray 

system, and its performance, especially the atomization 

performance, can significantly improve the uniformity of droplet 

deposition, reduce drift, and improve product efficacy.  New 

technologies in fields such as agricultural aviation aircraft, 

information, physics, and chemistry are developing quickly, 

resulting in faster, larger aircrafts, improved formulation 

chemistries, and smaller and lighter test devices, with higher 

sensitivity and ability to work.  New nozzle technologies are 

required to provide increased control of drop size and eliminate 

driftable fine particles to provide the maximum application efficacy 

while mitigating off-target impacts. 
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