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ABSTRACT

The size and velocity characteristics of droplets in agricultural sprays generated

from two flat fan nozzles were studied in a wind tunnel using a Phase-Doppler Particle

Analyzer. A sheared cross flow pattern, having lower velocities near the wind tunnel

floor and increasing velocities with increasing distance towards the wind tunnel roof

was used. The nozzle was located in the region ofhigh shear.

The study was conducted in four stages. In stage 1, size-velocity characteristics

of droplets in spray from a nozzle (Teejet 8003) generated at 275 kPa pressure and

subjected to 5 km/h (average) crosswind were characterized. In stage 2, size-velocity
\

characteristics of droplets in sprays of 'fine' (from Teejet 8001) and 'medium' (from

Teejet 8003) quality, were compared. In stage 3, the effect of variation in crosswind

velocity on droplet characteristics was studied by adopting three crosswinds, having a

similar velocity distribution pattern, but corresponding to average velocities of 5 km/h

(low), 15 km/h (medium) and 25 km/h (high). In stage 4, the effect of variation in

nozzle operating pressure on droplet size-velocity characteristics was studied by

generating spray from a Teejet 8003 nozzle at pressures of 150,275 and 400 kPa.

Size and velocity of the droplets were measured in the central region of the

spray at various downwind locations in a 1 x 0.3 m grid. Variables of interest included

droplet size, droplet horizontal velocity, droplet vertical velocity, and droplet

concentration. These variables were used to evaluate the dynamics of the droplets in

various size groups.

Results indicated that due to reverse flow in the wake region of the sprays, some

droplets acquired negative horizontal velocities, (i.e., opposite to the cross flow
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direction), and deposited close to the .nozzle axis. The reverse flow in the 'fine' spray

moved droplets of all sizes that were present backwards while in the 'medium' spray

only the smallest droplets « 50 um) traveled back. However, the reverse flow in the

'fine' spray did not persist away from the nozzle. With increased crosswind velocity,

the strength of the reverse flow diminished. At high crosswind, the wind completely

penetrated the spray and dragged both small and large droplets downstream.

The deposit distances for droplets of various sizes in the sprays, studied at

various stages of this research, indicated that droplet movement strongly depended on

the spray quality from which droplets originated. The presence of larger droplets in the

spray increased the possibility of deposit of smaller droplets uear the nozzle axis.

Reverse flow was found to be a significant factor that affected the movement of the

droplets of different size groups in the sprays.

The study of droplet size distributions at downwind locations in the 'medium'

spray indicated that droplets <105 um, < 210 urn and < 300 um diameter were

separated from the spray by the low, medium and high wind speeds, respectively and

could be defined as the 'driftable' droplet sizes for each wind speed for the operating

conditions in the study. The driftable droplet sizes for the 'fine' and 'medium' sprays

subjected to 5 km/h crosswind velocity were < 78 um and < 105 um, respectively.
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CHAPTERl

INTRODUCTION

1.1 CROP PROTECTION

To provide food and other necessities to an increasing population, there remains

a need to increase productivity of limited land resources. Protection of agricultural crops

from a wide range of intruders is one of the important factors that affect productivity.

Severai organizations have predicted greater crop losses if plant protection efforts are
\

neglected (Hislop 1993).

Crops in early times were protected from insects, diseases and weeds by

mechanical means or by agronomic practices. With teehnological development, these

practices were supplemented by application of chemicals. The use of chemicals in

Canada between 1971 and 1976 increased almost five fold (Statistics Canada 1991).

During the same period, chemical use in Saskatchewan increased by a factor of 12. In

1999, Canadian sale of crop protection agents amounted to $ 1.2 billion.

Agricultural chemicals can be applied in liquid, powder and granular carriers.

However, due to ease ofhandling and application, the use of a liquid carrier has become

dominant. In the United States and Europe, liquid chemicals make up a high percentage

of agricultural chemicals (Azimi et al. 1985; Nordby 1989). The vast majority of crop

protection agents in Canada are foliar applied liquid sprays, and spraying is now

the most common method of chemical application. Whenever a liquid chemical is
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sprayed, there is potential for some of the chemical to stray from the intended path and

not deposit on the target. This phenomenon is commonly called spray drift.

1.2 DRWf

Literally, to 'drift' means to go along without 'knowing' or 'caring' about where

one is going. This applies well to spray droplets. From a pesticide application technology

standpoint, 'drift' has been defined in many ways. One definition states that a proportion

of the output from an agricultural crop sprayer that is deflected away from. the target

area by the action of wind is called drift (Nordby and Skuterud 1975; Miller 1993).

Another definition states that, drift refers to the movement of a pesticide through air

during or after application, to a site other than the intended site of application (Ozkan

1997). The drift associated with physical movement of spray droplets away from the

..,

target site at the time of application is termed 'airborne particle drift'. Drift can still

�

occur days after application in the form of 'vapor drift'. Himel (1974) called the spray

lost from the target area by the action ofwind as 'exo-drift', and the spray lost to the soil

rather than being retained on plant or insect targets as 'endo-drift'.

1.3 IM:PORTANCE OF D.RDT: CONSEQUENCES TO THE
ENVIRONMENT

Spray drift from agricultural sprayers has undoubtedly been a problem since

sprayers have been used. However, this aspect was not seriously discussed until after the

Second World War (Nordby and Skuterud 1975). It is now considered as one of the

major phenomena that contribute to harmful outcomes of agricultural chemical use (Rea

1992). Avant et al. (1979) grouped the harmful consequences of sprays that drift from

the target area, into four categories: (1) damage to susceptible crops, animals and
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beneficial insects, (2) human injury, (3) water pollution, and (4) air pollution. The

Saskatchewan Advisory Council for Agricultural Meteorology also identified spray drift

as a major source ofloss of agricultural chemicals to the environment (SACAM 1994).

Drifting agricultural chemicals are suspected to cause various kinds of respiratory

diseases and allergies. A large number of deaths have been reported in various

industrialized parts of the world between 1930 and 1958 due to bronchitis, emphysema

and heart trouble caused by air contamination (Wark and Warner 1976). The incidents of

loss to human health and crops that occur due to drift can show up quickly. This makes

pesticide drift widely criticized. In the United States, increasing complaints about air

pollution by people living near industrial areas and agricultural farms led to the

enforcement of a law (Federal Clean Air Act) in 1990 for regulating air pollution. The

regulation affects many segments of the agribusiness community, and costs millions of

dollars annually (Pamell et a1. 1994). The Canadian Environmental Protection Act, 1999

provides for prevention of environment pollution and the protection of the environment

and human health in order to contribute to sustainable development.

According to a national inventory of emissions of air contaminants in Canada

between 1970 and 1978 (Environment Canada 1973, 1983), pesticides contributed

26,716 tons of airbome particulate matter in a year. Saskatchewan was the highest

contributor with 9,797 tons of particulate matter. The cautious and skeptical attitude of

Canadians towards the agricultural use of chemicals has caused the Pest Management

Regulatory Agency to take a rigorous approach towards management of pesticide

application such as extended buffer zones.
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Spray drift is a serious concern in Saskatchewan since farmers inevitably spray

under windy conditions. The normal minimum, maximum, and average of mean wind

speed in a month for the year in Saskatchewan is 2.1 mls (7.6 km/h), 7.0 mls (25.2

km/h), and 4.2 mls (15.1 km/h), respectively (Environment Canada 1982). Figure 1.1

grves average monthly, normal mean, maximum and minimum wind speeds in

Saskatchewan.
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Figure 1.1: Normal mean monthly wind profile in Saskatchewan (30 year average)
(Environment Canada 1982)

1.4 RELEVANCE OF DRIFT TO VARIOUS SECTORS OF SOCIETY

Spray drift is relevant to different sectors of society in a variety of ways. The

public is concerned about air and water pollution ofwhich spray drift is one source. The

4



fact that some pesticides are toxic is of particular concern. Rea (1992) stated that

pesticide contamination is a global problem and trying to regulate chemical spraying,

when the reality is that ecosystems are interconnected and chemicals do not stop at

property lines, is a largely futile exercise. According to Rea (1992), this demonstrates

very clearly the reason these dangerous materials should not be used at all.

On the other hand, many agricultural scientists and producers consider chemical

application as a necessity if crop production is to match the increasing ne.eds of a

growing population. Hislop (1993) has made a poignant statement: ''My answer to those,

who term pesticide users as polluters, is that it is easy to be sanctimonious about the' use

of chemicals when you have a full stomach." A study conducted between 1951 and 1960

showed that, on average, 13.3% of crops were lost due to diseases alone (LeClerg

1979). A study in 1971 showed a 25% decrease in yield of sweet com when pesticides
-

were not used (Kriner 1979). In 1998, the total value of crop production in

Saskatchewan was $4.13 billion (SAF 1998). Ifwe assume the loss in production ifno

pesticides were used to be about 25%, the net loss would be more than a billion dollars

per year.

By eliminating pesticides, there is a risk ofloss in agricultural productivity that a

continuously growing population cannot afford. We have to protect our crops so that

adequate supply of agricultural produce is available. At the same time, we also have to

protect our environment for the safety of living beings. There is need to minimize the use

of agricultural chemicals by finding alternative means ofproducing and protecting crops.

We should also keep on striving to find ways and means ofeliminating spray drift.
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For most farmers, chemical application is necessary to maintain their crop

production. However, there is a concern of higher costs of chemicals and the possible

excessive use of chemicals to compensate for drift. Spray drift is a concern for the

farmers as it wastes limited resources. They are also concerned about the damage to their

other crops and animals. Manufacturers of spray equipment and pesticides are also

concerned about drift as the increased criticism against use of chemicals, due to the

harmful effects of the spray drift to society, is a threat to the growth of their industry.

These manufacturing sectors are striving to make improvements in sprayers, spray

nozzles, application techniques and pesticides to minimize spray drift.

1.5 DRIFT CONTROL

Foreseeing the growing world population and the ever increasing need for food,

it can be said that chemicals will stay a part of agricultural practice for some time to

come. Consequently, the need for minimizing the effects of drift is much more than it

was before. In order to find ways and means of eliminating spray drift, the understanding

of droplet transport in a spray in the presence of wind over the crop canopy has been

considered as an important aspect. Many studies have been done for identifying the best

droplet size in relation to drift and the effectiveness of sprays. Some studies have also

been done to model the behavior of sprays based on transport of individual droplets.

From these studies, it is generally understood that smaller droplets have more drift

potential than the larger droplets while large droplets are considered less efficacious

compared to small droplets. However, in order to minimize drift, many advances have

been made to reduce the number of smaller droplets in sprays by modifying nozzles and

chemicals (Knoche 1994; Piggott and Matthews 1999).
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Most previous studies on droplet transport have been limited to individual

droplets of known size and velocity released at a known location with the assumption

that droplets of the same size from any nozzle move similarly in the ambient air under

similar environmental conditions (Goering et a1. 1972; Marchant 1977; Reichard et a1.

1992a; Zhu et al. 1994). In these studies, droplet movement was simulated in isolation,

without considering the presence of other droplets. Despite many developments in spray

generation methods, polydisperse hydraulic nozzles are still the most widely used for

spray atomization in agriculture (Lefebvre 1993). In such sprays, for many reasons,

trajectories of the droplets during travel to their target are altered by the presence of

other droplets. Goering et a1. (1972) showed substantial decrease in drag and

deceleration due to air currents induced by moving droplets. It has been reported that the

velocity of droplets in a group will increase due to their mutual interactions (Happel and

Brenner 1965; Thompson and Ley 1983; Longmire and Eaton 1992).

In many areas of engineering, spray jets and their dynamics have been studied

with and without the presence of a cross-flow. These studies have documented air

entrainment, formation of vortices, increase in crossflow around the jets, and the

presence of a reverse flow region downstream of the jet. When a spray is released in a

crosswind, the characteristics resemble somewhat the fluid mechanics ofjets in a cross

flow. However, little is understood ofhow the aerodynamics around the spray affects the

movement of droplets within the spray sheet. It is also not known how the variation in

crossflow characteristics such as wind speed and wind profile affects the velocity

characteristics of droplets in and downwind of sprays. In addition, the spray properties
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such as flow rate, nozzle pressure, and spray quality affect the aerodynamics and

movement of the droplets in the spray.

1.6 PRESENT RESEARCH

In this study, the characteristics of agricultural sprays subjected to non-uniform

cross-flows were experimentally investigated. Velocity characteristics of the droplets of

different size groups moving in the spray sheet, in the presence of other droplets, were

studied. The effects of spray quality, operating pressure, and different crosswind

conditions on velocity characteristics were investigated.

1.6.1 Objectives

The overall objectives ofthe study were:

to experimentally study and analyze the characteristics of agricultural
.,

sprays subjected to non-uniform crosswinds.

The specific objectives ofthe study were:

• to study the velocity characteristics of droplets in an agricultural spray

released into the shear layer of a non-uniform crossflow,

• to study the effect of spray quality on velocity characteristics, and drift

potential of droplets in the agricultural spray,

• to study the effect of variation in cross-flow velocity on velocity

characteristics and drift potential ofthe droplets in the agricultural spray,

• to study the effect of nozzle operating pressure on velocity characteristics of

the spray, and

• to study similarity characteristics of an agricultural spray and the use of

normalizing scales for adoption in modeling.
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1.6.2 Scope of the Study

The present study was done in four stages:

Stage 1 study of the characteristics of an agricultural spray generated from a

single nozzle at one operating pressure and subjected to one crosswind

velocity,

Stage 2 study of the effect of crosswind velocity on the size-velocity

characteristics with the spray generated from a single nozzle and

subjected to three crosswind velocity profiles,

Stage 3 study of the effect ofspray quality on the size-velocity characteristics With

spray from two nozzles of different size generated at one operating

pressure and subjected to one crosswind velocity, and

Stage 4
..

study of the effect of operating pressure on characteristics of an

-

agricultural spray and study the similarity characteristics of a spray with

the spray from a single nozzle generated at three operating pressures and

subjected to one crosswind velocity.
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CHAPTER 2

PREVIOUS STUDIES

Understanding the mechanisms that lead to drift and finding methods to control

drift has been the subject of many previous studies. The volume of research work

conducted emphasizes the importance of the problem. Based on this research, new

sprayer systems and pesticides have been introduced and claims of low-drift or even no-

drift have been advanced. Drift, however, is still a problem and is being scrutinized and

criticized by several overseer organizations and individuals. This scenario requires one

to look into what has been done so far and recognize what aspects of spray drift need to
""l

be further understood.

In order to understand drift, it is important to know the physics of formation of

droplets, i.e., atomization and their transport to the target. These subjects and the factors

affecting spray drift are briefly discussed in the next sections. A summary of the efforts

to control drift, after a critical review of selected previous studies, has been presented.

Based on this review, the need for the present study is established.

2.1 ATOMIZATION

Atomization can be defined as the process in which a liquid jet or sheet is

disintegrated into droplets by kinetic energy of the liquid or by external forces. All that

is needed for conversion of liquid into droplets is a high relative velocity between the

liquid and the surrounding air or gas (Lefebvre 1989). Some atomizers discharge the
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liquid at high velocity into a relatively slow moving stream of air or gas (e.g., pressure

atomizers) while some others expose the relatively slow moving liquid to a high

velocity air-stream (air-shear nozzles).

As the majority of the atomizers used in agricultural practice are of the pressure

nozzle type, discussion in this section is mainly focused on these nozzles. In pressure

nozzles, spray liquid is discharged through a small orifice under high pressure. The

pressure energy is converted to kinetic energy. The flat fan nozzle is a pressure-type

atomizer designed to produce a flat, fan shaped spray pattern. Various configurations, as

discussed by Lefebvre (1989), are used to produce a flat liquid sheet that breaks up into

droplets due to internal instabilities and due to interaction with the surrounding air or

gas.

Atomization is the result of disruption of the consolidating influence of surface

tension. This disruption is caused by internal and external forces. In the absence of such

forces, surface tension tends to pull the liquid into the form of a sphere. Liquid viscosity

has a stabilizing influence by opposing any changes in the system geometry. On the

other hand, aerodynamic forces acting on the liquid surface promote the disruption

process by applying an external distorting force. Breakup is the result if the disruption

forces exceed the consolidating surface tension force. At breakup, each droplet that is

formed extracts some of the kinetic energy of the spray sheet. Sidahmed (1996) defined

this energy as the formation energy of the droplet. He has also shown that the formation

energy of the droplets is proportional to the cube ofthe droplet diameter.

After emergence of a liquid sheet from a nozzle, its further development is

affected by its initial velocity and physical properties of the liquid and the ambient air.
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The liquid sheet is directed out of the nozzle in a way to expand it. For expansion of the

sheet against contracting surface tension forces, a minimum sheet velocity is required.

When spray liquid is forced, under pressure, through the orifice of a flat fan nozzle, a

flat sheet of liquid results. This sheet quickly encounters resistance from surrounding

air and becomes unstable. Holes begin forming in the sheet and ligaments of spray

liquid begin to break free. Soon, these ligaments break into smaller pieces, which go on

to form the spray droplets.

Lefebvre (1989) reported from Fraser and Eisenklam (1953) three modes of

liquid sheet disintegration, i.e., rim, perforated sheet and wave modes. In the rim mode,

forces created by surface tension cause the free edge of a liquid sheet to contract into a

thick rim that breaks like the disintegration of a free jet. In perforated sheet

disintegration, holes appear in the sheet that is delineated by rims formed from the

liquid that was initially included inside. These holes grow rapidly in size until the rims

of adjacent holes coalesce to produce ligaments of irregular shape. These filaments

finally break up into droplets of varying size. In the wave mode, areas of the sheet

corresponding to a half or full wavelength of the oscillation, are tom away. These areas

rapidly contract under the action of surface tension but they may suffer disintegration by

air action or liquid turbulence. Atomizers that discharge the liquid in the form of a

sheet are usually capable ofexhibiting all three modes of sheet disintegration.

Dombrowski and Fraser (1954) used photographs to investigate the

disintegration of liquid sheets and established that ligaments are caused principally by

perforations in the liquid sheet. If the holes are created by air friction, the ligaments

break up very rapidly. If the ligaments are formed by other means such as turbulence,
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they break slowly. York et a1. (1953) from the study of disintegration of flat liquid

sheets concluded that the instability and wave formation at the interface between the

liquid and air are the major factors in the breakup of a liquid sheet into droplets.

2.1.1 Factors Affecting Atomization

Atomization characteristics of any nozzle depend upon the size and geometry of

the nozzle and on the physical properties of the spray liquid and air. For flat fan nozzles,

the critical dimension is the thickness of the liquid sheet as it leaves the nozzle.

Theoretical predictions and experiments have confirmed that mean droplet diameter

(DlO) is roughly proportional to the square root of the liquid sheet thickness (Lefebvre

1989). Rizk and Lefebvre (1980) found that thinner liquid films break down into

smaller droplets.

The liquid properties important in relation to- atomization are density, viscosity

and surface tension. The available data on the effect of 'liquid density on mean droplet

size indicated that this effect was very small (Lefebvre 1989). Atomization increases the

total surface area of the liquid many fold. Surface tension is important in relation to

droplet formation because it resists formation of any new surface areas. An increase in

surface tension increases the stability of the liquid sheet that results in formation of

larger droplets. The viscosity of the liquid affects the atomization from many fronts. It

affects the droplets size distribution in the spray as' well as the nozzle flow rate. An

increase in viscosity lowers the Reynolds number and hinders the development of any

natural instabilities in the sheet. It delays disintegration and increases the size of

droplets in the spray.
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Lefebvre (1989) presented the following relationship between droplet diameter

and liquid and air properties.

. ....2.1

where:

D = droplet diameter, m

mi = mass flow rate of liquid, kg/s

a = surface tension, kg/s2

pa = air density, kg/nr'

ML = nozzle liquid pressure differential, Pa

The above equation indicates that the mean droplet diameter is proportional to

liquid flow rate and surface tension while it is inversely proportional to pressure

differential and air density. The velocity of the crossflow accelerates the disintegration

of the liquid sheet that results into generation of smaller droplets.

2.2 DROPLET TRANSPORT

The ultimate objective of spraying is deposition of droplets on the intended

target. Beyond atomization, movement of the droplets to the target is the most

important, but most difficult-to-control part of spray application. Having left the nozzle,

the droplets are subjected to the environment and to many forces acting upon them

Depending upon weather conditions, the droplets may evaporate. Goering et al (1972)

listed the forces acting on a moving droplet as Van der Waal's forces, thermophoresis,

diffusiophoresis, photophoresis, the Basset effect, gravity, buoyancy, drag, and forces

due to electrical and pressure gradients.
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Van der Waal' s forces are a result of distortion of the charge distribution in the

droplet when one is subjected to the field of another. Thermophoresis is the result of

temperature gradient such that the force is directed toward the point of lower

temperature. Diffusiophoresis occurs along the concentration gradient, in the direction

of diffusion flux of the heavier gas component. Soo (1967) stated that thermophoresis

and diffusiophoresis become insignificant under normal atmospheric conditions except

when the droplets are in the submicron range. Van der Waal's forces are also

insignificant on particles larger than a few microns. Photophoresis refers to a tendency

of droplets to migrate when illuminated by a beam of light. This force is not important

in spray application as droplets are not usually illuminated by a direct beam _(Goering et

a1. 1972). Soo (1967) has noted that the Basset effect is important only when the

ambient fluid density has similar or higher order of magnitude than that of the droplet

density. In the case of agricultural sprays, the density 1)f air is much lower than the

spray droplet density. The only forces of considerable significance are the gravity,

buoyancy, and drag (Goering et a1. 1972).

With reference to this study, the physics of droplet transport will be considered

for the case of a nozzle discharging vertically downward only. The droplets generally

leave the nozzle with a very high downward vertical velocity. The magnitude of this

velocity depends upon the pressure gradient from the' inside to the outside ofthe nozzle.

Gravity pulls the droplets vertically downward while the drag force and buoyancy

oppose the downward movement. The drag force is a function of droplet velocity

relative to the air, droplet size, and properties of liquid and air. At formation, owing to

high vertical velocity, the droplets experience a high value of drag force. Interaction of
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the three forces results in deceleration of the droplets. With deceleration the drag

reduces, resulting in a reduction of rate of deceleration of the droplet. This process

continues until the gravity and resisting forces (drag and buoyancy) are in equilibrium

At that moment, the droplet moves at its terminal velocity. The opposing forces will

keep balancing each other until the droplet is deposited somewhere.

The gravity, buoyancy, and drag forces are expressed as:

rtIY
W=gPr-6-
B

1tD3
=:«

"F =
CdPaAVr2

2

.....2.2

..... 2.3

..... 2.4

where:

W = gravitational force, N

B = buoyancy, N

g = acceleration due to gravity, mls2

PI = density of the spray liquid, kg/nr'

D = droplet diameter, m

pa = air density, kg/nr'

F = drag force

Cd = drag coefficient

A = surface area projected to the air, m2

V; = droplet velocity relative to air velocity, mls

For water droplets in the air, the buoyancy is much smaller than the gravity. A

drag force 011 the droplet is needed to keep the balance offorces. Because the drag force
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is a function ofvelocity, the droplets have to be in motion while in air. Both gravity and

buoyancy are functions of the cube of droplet diameter while the drag is a function of

the square of droplet diameter. The gravity and buoyancy thus decrease rapidly with the

decrease in droplet diameter compared to the decrease in drag force. This difference in

rate of reduction of the forces on the droplets when their diameter decreases, causes the

smaller droplets to decelerate quickly compared to the larger droplets.

In the case of nozzle orientation under consideration, upon formation the

droplets in general have negligible horizontal velocity. In the presence of a cross-flow,

as in case of this study, the drag force due to the crossflow pushes droplets in the

downwind direction. Due to the drag, droplets may start moving in the crossflow

direction. However, for each droplet to start moving in the crossflow direction, a

minimum crossflow velocity is required. This minimum crossflow velocity depends

upon the net gravitational force on the droplet. From' the explanation in the above

paragraph it follows that the minimum crossflow velocity required before droplets start

moving with the crossflow increases with increasing size of droplets. Once the droplet

starts moving in the crossflow direction, the drag starts reducing due to change in

relative velocity of the droplet. The process continues until the relative velocity reduces

to zero and the droplet starts moving with the wind.

2.2.1 Droplets and Flow Field

The time taken by any droplet to reach to the terminal velocity, sometimes

called the settling velocity, in the vertical direction and to reach wind velocity in the

horizontal direction depends mainly on the size of the droplets. This characteristic of the

droplets is described by the relaxation time of the droplets that is defined as the time
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required by a droplet to relax or adapt itself to an applied force. Bache and Johnstone

(1992) have stressed that the relaxation time is a function of the droplet size alone for a

given fluid. The effect of the relaxation time on the dynamic characteristics in relation

to flow field can be expressed in terms of a non-dimensional term called Stokes Number

(St), defined as the ratio of droplet relaxation time to fluid relaxation time. If St<l, the

droplets will follow the flow easily (as is the case of seed particles in laser-Doppler

anemometry).

2.2.2 Terminal velocity

The terminal velocity is the constant velocity of the droplets at which the net

gravitational accelerating force equals the resisting upward drag force (Mohsenin 1984).

Under steady state conditions, where the terminal velocity has been achieved, if the

droplet density is higher than the fluid density, the
�

droplet moves downward. If the

droplet density is lower than the fluid density, the droplet will move upward. The

former situation applies to the spray droplets in air. However, due to turbulence, the

droplets at the terminal velocity may move up or down depending upon the direction of

the fluctuating component of the flow. The terminal velocity for different sizes of

droplets is presented in Figure 2.1.

2.3 FACTORS AFFECTING SPRAY DRIFT

There is a broad range of factors that affect drift. These factors can be grouped

into three categories: sprayer characteristics, operating and environmental conditions,

and pesticide properties. Miller (1993) considered the characteristics of spray, the

position of the sprayer in relation to the target and the spray collection characteristics
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Figure 2.1: Terminal velocity of spherical water droplets
(Data from: Bache and Johnstone 1992)

of the target as factors that affect proportion of the nozzle output drifting away under

given atmospheric conditions. Sprayer characteristics that affect drift can be

summarized (and discussed later) as size of the sprayer (Miller 1993), shape of the

sprayer body including protective shields (Ozkan et a1. 1996; Smith et a1. 1982; Wolf et

al. 1993), type and size of the nozzle, angle of the nozzle (Reichard et a1. 1992a),

alignment of the nozzle with respect to the target (Miller 1993) and droplet size

(Kaupke and Yates 1966). Operating characteristics include volume flow rate (Miller

1993), operating pressure, forward speed, height above the crop (Nordby and Skuterud

1975; Reichard et a1. 1992a), and direction of travel in relation to the natural wind

conditions. Environmental conditions include wind velocity, atmospheric stability,
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turbulence, temperature and relative humidity (Reichard et al. 1992a). Relevant

pesticide properties include density, viscosity and swface tension of the spray solution,

the type of active ingredients and the carrier fluid being used, if any. Williamson et al

(1979) studied the effect of liquid properties on droplet size distribution for twin-fluid

atomization and found that droplet uniformity was affected by solution viscosity,

surface tension, liquid velocity relative to air and air-to-liquid flow rate ratios.

The various factors affecting spray drift are interrelated. A change in one factor

can affect drift either directly or indirectly by altering other factors. As an example,

wind speed affects drift directly while swface tension affects the droplet size

distribution that in tum influences drift. The environmental factors are unique in a sense

that these are not under the operator's control. The mutual relationship of the factors

makes drift a complex problem For example, mass transfer between the droplet and the

surrounding air is a factor influencing droplet drift. As 'Soon as the droplet is formed,

mass transfer starts taking place between the droplet and the surrounding air. Due

to mass transfer, the droplet size decreases and vapor concentration in the air increases.

The changes in these two affect the mass transfer rate, and many other factors involved.

Figure 2.2 provides a basic understanding of the factors goveming mass transfer

between the atmosphere and the droplets released by the sprayers, and indicates the

complexity of the processes and factors involved.

2.4 STRATEGIES FOR CONTROLLING SPRAY DRIFT

The strategies adopted towards reduction or elimination of drift can be

summarized as: (1) finding alternate ways of growing crops while maintaining overall

crop production (i.e., organic fanning), (2) using alternate methods ofprotecting crops
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and minimizing use of chemicals while maintaining protection (i.e., integrated pest

management, physical control methods), and (3) finding ways to minimize drift when

chemicals are used.

Research directed towards solving problems associated with spray drift can be

summarized as: (1) studies aimed at identifying factors affecting drift; (2) improvements

in sprayers and spray formulations on the basis of these factors; (3) studies related to

application timing and techniques; and (4) estimation of spray drift for asse�sment of

the problem and for validation of proposed solutions. As part of the efforts in many of

the above categories, understanding transport of droplets towards the target has been the

subject ofmany studies.

Umback and Lembke (1966) studied the effect of droplet size, wind velocity,

and height of release on drift of water droplets in a wind tunnel and found that drift

decreased with increasing droplet size. Threadgill and .Smith (1971), from their field

study of the drift deposits for a variety of liquid physical properties and meteorological

conditions, found that the droplet size is one of the major contributors to spray drift.

They also concluded that the experimental approach of predicting drift and deposition

of spray material is not practical, as researchers cannot exercise sufficient control over

the many relevant parameters to achieve satisfactory results.

Reichard et a1. (1992a) used a computer program to determine the effects of

initial droplet size, velocity and height of release, wind velocity, turbulence intensity,

relative humidity, and volatility of the liquid on drift distances of the droplets. The drift

distance in the study by Reichard et a1 (1992a) was the distance traveled by the droplets

in the wind directiou before depositing on the target. Along with many other
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conclusions, it was found that drift distance of droplets increased with increasing wind

velocity and height of release, and decreased with increasing initial droplet size and

velocity. Zhu et a1. (1994), using this program, extended the range of initial droplet

sizes and velocities and estimated the drift distance of droplets under a wider range of

factors.

Miller (1993) reported the effect ofwind speed on the behavior of different sized

droplets (Figure 2.3.). The 'big' drops as defined in Figure 2.3 are less susceptible to

drift while 'small' drops are highly susceptible to drift at a given wind speed.

Movement of the 'big' droplets is dominated by gravity while the turbulent movement

dominates in case of 'small' droplets. Between the two droplet sizes, a combination of

sedimentation and turbulent movement prevails. With increase in wind speed, the

threshold size for the 'big' and 'small' droplets increases. This, in a sense, is the general

understanding that has developed based on the studies on droplet drift. Because of this

understanding, it is assumed that droplets of a given size travel in the same fashion

through similar atmospheric conditions. It is also understood that small droplets are

required for improved coverage and adhesion to the targets with low volumes while

large droplets require higher application rates to provide adequate spray coverage (Wolf

1992; Lefebvre 1993). Knoche (1994) showed that the spray performance for pest

control generally increased as droplet size decreased..

Given the importance of smaller droplets for the efficacious performance of

pesticides, several recent developments have been aimed at modifying existing

equipment to increase deposition efficiency of small droplets thus reducing their

potential for drift (Chapple et al. 1997; Theriault et a1. 2000a; Theriault et a1. 2000b). In
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"

general, this has been accomplished by using new nozzles/atomizers, air-assist

technology, or some kind of shield or shroud to overcome the drift-producing air

currents and turbulence that occur around the nozzle during spraying. As spray droplet

size is considered the most important factor affecting drift, continuous efforts have also

been made in the development of nozzle designs that minimize the formation of small

droplets. Atomizers are designed to produce droplets over a narrow range of droplet

sizes to limit drift. Twin-fluid and low-drift nozzles as well as air assist delivery

systems are some of the examples of the ways to reduce drift through improvement in

nozzles (Christian and Curtoys 2000; Combellack et al. 1996; Derksen et al. 1999a;

Derksen et al. 1999b; Jensen et al. 200 1 � Lund 2000; Nordbo et al. 1995). Ozkan (1997)
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has reported some of the new nozzles designed mostly for reducing the number of

small, drift-prone, droplets. Most major agricultural nozzle manufacturers have versions

of low-drift nozzles. These nozzles are designed to create larger droplets at the same

flow rate but lower operating pressure than comparable standard flat-fan nozzles by use

of an additional orifice, or by mixing air with the solution before it exits the nozzle

orifice.

One possible way to reduce spray drift is through the use of adjuvants that alter

the physical properties of the spray liquid (Yates et a1. 1976). The alterations in physical

properties affect the basic atomization process and thereby reduce the number of small

droplets produced. Several commercial adjuvants and formulation, additives have been

introduced that markedly affect the viscosity, surface tension, and visco-elastic

properties of the liquid (Kirkwood 1993). Holloway-et a1. (2000) examined the effects

of 10 tank-mix adjuvants on the retention and coverage of aqueous sprays on foliage

and found a considerable difference in performance between the additives. The spray

quality was altered significantly in the presence of many of the adjuvants. Webb et a1.

(1999) examined the impaction and retention behavior of low-velocity (below 3 mls)

monosize droplets (100-1000 um diameter) containing either water or aqueous

surfactant solutions on wettable and water-repellant leaf surfaces and found that

surfactant addition invariably reduced the number of bounces between first impact and

retention. Bouse et a1. (1990) studied the effect offormulations, concentrations and tank

mixtures, surfactants, polymers, and spray nozzle orientation in an air stream on the

sizes of spray droplets produced by a hollow-cone nozzle. It was found that several

droplet statistics such as volume median diameter, percent of volume in <99 1lID, <204
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um and > 415 um droplets were affected by formulations, concentrations, and tank

mixtures. The nucleus of all these studies is the control of drift by controlling droplet

size.

2.5 ESTIMATION OF SPRAY DRIFT

The adequate estimation of spray drift under given conditions plays a key role in

all efforts to minimize drift. It is necessary to identify factors responsible for drift and to

validate results of any improvement effort. Field studies, laboratory measurements, and

simulation models have contributed to the estimation of drift.

2.5.1 Measurement of Spray Drift

In most of the field and laboratory studies on measurement of spray drift, tests

were carried out by moving the sprayer past a stationary sampling layout, arranged on

�

the downwind side of the spray. The sampling arrays needed were quite extensive,
-

extending a considerable distance downwind to provide information on the distance

traveled by the drift. The sampling set up used by many researchers ranged from 15 m

to 1200 m on the downwind side of the spray swath (Fox et al. 1993; Nordby and

Skuterud 1975; Goering and Butler 1975; Picot et a1. 1993). The main difficulties with

field studies of drift are that the weather conditions in the field studies are under

nature's control, changes in microclimate can alter the results from the drift studies,

many drift collectors are not accurate and the crop canopy can affect the deposition of

spray on collectors (Bouse et a1. 1992; Farooq 1995; Kirk et a1. 1992; Picot et a1. 1993).

Therefore, considerable efforts have been made to simulate field conditions in the

laboratory for measurement of spray drift, such as the use of wind tunnels (Grier et al

1979; Maki and Rogers 1986; Wang et a1. 1993; Khdair et a1. 1994).
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2.5.2 Simulation Modeling

The efforts put into development of mathematical models can be grouped into

two major categories, those based on dispersion theory and those based on droplet

dynamics. In dispersion theory, movement and dispersion of the spray cloud as a whole

is studied; while in the droplet dynamics approach the individual droplets are tracked

using the analysis of forces acting on the droplets.

2.5.2.1 Dispersion Theory

Dispersion theory is used to track the movement of a group of droplets,

generally termed a 'cloud'. This phenomenon can be explained by conceiving a plume

of smoke released to the atmosphere from a tube or nozzle over �, very short duration.

Under calm neutral conditions, the plume will spread slowly in all directions. Just after

release, the concentration of the smoke in the plume will be high. As the plume spreads,

the concentration reduces. Due to its spreading, the smoke plume may reach the ground,

and the concentration of the plume at that moment depends upon many factors such as

microclimate, etc. The theory of dispersion of a cloud of droplets in any medium,

stationary or moving is well established (Csanady 1973; Fischer et a1 1979).

Csanady (1973) and Bache & Sayer (1975) applied dispersion theory to spraying

by considering the spray released from an aircraft as a cloud of spray droplets. The

spray cloud was considered to disperse in the atmosphere while moving with the wind.

AGricultural DISPersal (AGDISP), an aircraft spray dispersion model based on

dispersion theory and described by Bilanin et a1 (1989), tracks the motion of a group of

similar sized droplets released in the atmosphere from a single location or from many

locations. In the model, similar sized droplets are assumed to remain together in the
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group as they are carried by the wind and aircraft wake, provided they are not carried by

turbulent fluctuations in the air. AGDISP tracks the movement of the group of droplets

as the group descends towards the ground. The program then tracks the position of

material from each nozzle and thus determines its deposition distance. This model has

been used for simulating aerial sprays on forests and is currently being adapted for

agricultural spraying by the Spray Drift Task Force (SDTF), under the name 'AgDrift'

(Hewitt 2000).

In the random-walk model, an alternative to the dispersion theory, it is assumed

that the trajectories of individual droplets, away from the immediate influence of the

droplet release or generation conditions, could be represented by a connected series of

discrete displacements. These displacements comprise movements of the droplets

caused by crosswind and movements due to random 'Component selected from Gaussian

distributions of turbulent air velocity. Csanady (1973) has shown that after some time, a

droplet 'forgets' its initial velocity, in the sense that the contribution to the velocity that

depends upon initial velocity decays to zero. Given that the droplet forgets its initial

velocity in some 'relaxation time' (tR), it is possible to divide its total displacement into

a number ofnearly independent steps taking place over a time period L1t where L1t» ts.

Thus, each step is effectively taken at random, independently of any previous step and

the droplet may be said to execute a random walk. Considerable work has been done on

development of models based on the random-walk concept (Hall 1975; Reid 1979;

Wilson et al. 1981a; Wilson et al. 1981b; Wilson et al. 1981c; Ley 1982; Panneton

1992; Walklate 1992). Picot et al. (1986) developed a computer program based on the

above developments. They also included forest stand characteristics in the model. The
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program was used to predict deposition and drift of pesticide droplets during aerial

spraying of a forest. Agreement of the model with experiments was found to be good,

provided the effective release height of droplets from the aircraft wake vortex was

properly chosen.

In the random-walk models, the presence of other droplets around the droplet

under study was ignored. In addition, these models were developed to predict the

motion of droplets beyond the influence of droplet generation characteristics and after

they had attained terminal velocities. Further, assumptions must be made about the

release conditions ofthe droplets (Miller and Hadfield 1989).

2.5.2.2 Droplet Dynamics

In the droplet dynamics approach for simulation of droplet transport, each

droplet is tracked with the assumption that droplets- act independently and there is no

continuity restraint (Thompson 1971). Wind is considered independent of droplets and

droplets do not directly change the wind flow field. Each droplet is tracked by

integrating the acceleration due to the drag, gravity and buoyancy forces acting on the

droplet to get its velocity and then integrating velocity to get its position (Thompson

1971).

Smith (1970) developed an analog simulation of in-flight evaporation of spray

droplets by analyzing momentum changes during droplet flight. Goering et a1. (1972)

also included the force exerted on the droplet due to droplet evaporation in addition to

buoyancy, gravity, and drag to develop a droplet dynamics equation. Goering et a1.

( 1972) then combined the droplet dynamics with evaporation to form a model of spray

droplet deceleration and evaporation. They considered uniform wind velocity
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throughout the vertical fall distance of the droplet. In their analysis, Goering et a1.

(1972) did not consider the presence of other droplets in the spray. The

simplifications/assumptions adopted by Goering et a1. (1972) were retained in further

development of these models. Marchant (1977) used a similar approach as Goering et

al. (1972) and presented equations for calculation of spray droplet trajectories in a

moving air stream Marchant also presented simulated trajectories of the droplets of

various sizes, having varying initial velocities released into winds of different velocity.

However, Marchant also ignored the influence of the presence of other droplets on the

droplet motion.

Miller and Hadfield (1989) combined dispersion theory and droplet dynamics

into a single model. They considered two 'phases' i.e., one close to the nozzle where the

trajectory was dominated by the conditions associated with droplet formation, and the

second after the droplets had achieved their settling velocities. Trajectories of droplets

close to the nozzle were determined over a series of time steps using an integration

routine described by Marchant (1977), with drag coefficients equal to those for solid

spheres. Miller and Hadfield (1989) simulated the effect of turbulence on initial droplet

trajectories by including an additional random velocity component due to turbulence,

which was sampled from a Gaussian distribution with zero mean and unit standard

deviation. Smith and Miller (1994) tried to extend the model by Miller and Hadfield

(1989) for the near-nozzle region to track the droplets in three dimensions. Further

downwind, trajectories were predicted using a two-dimensional random-walk model.

Hobson et a1. (1993) used the models presented by Miller and Hadfield (1989)

and Walklate (1992) to study the effect ofnozzle size, angle and operating pressures on

30



spray drift from boom-mounted hydraulic nozzles operating over a range of

meteorological and crop conditions. They incorporated a logarithmic mean wind

velocity variation with height. The initial velocity of the droplets was assumed constant

even when changing the nozzle pressure and size. Model predictions were compared

with experimental measurements of deposit and air-borne drift only at a distance of 8 m

from the boom end while the deposition closer to the nozzle was not compared.

Reichard et a1. (1992a) used a computational fluid dynamics program to study the effect

ofdifferent variables on drift distances of droplets ofvarious sizes and initial velocities.

In all the above studies, the movement of individual droplets was simulated in

isolation from other droplets. Based on their analysis, Goering et a1. (1972) showed that

air currents induced by moving droplets caused substantial decrease in drag and

deceleration. Happel and Brenner (1965) reported that in the case of a group of droplets,

the droplet velocities would increase due to their mutual interaction. In general, the

larger the group of droplets, the faster it will move. Thompson and Ley (1983)

explained that the disrupting sheet entrains air, and therefore the drag forces on the

droplets are reduced. Longmire and Eaton (1992) stated clearly that a droplet in the

middle of a dense cluster could experience an environment, which is radically different

from that for a particle located far from any others. Ghosh and Hunt (1998) theoretically

analyzed the interaction of external cross-flow and the spray jet formed by a

combination of droplets and induced air jets under various ratios of cross wind speed

and induced air speed. This interaction and the distances by which the spray jet and

large droplets were deflected were found to depend largely on the ratio of cross wind

speed and induced air speed. It was also found that quite different patterns of airflow
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and droplet dispersion occurred at different distances from the nozzle, depending upon

the wind speed ratios.

2.6 SPRAYS AND JETS

The above discussion on the studies of droplet movement within the spray

indicates the need for the study of sprays as a whole. Spray sheets in many ways

resemble jets. Both jets and sheets expand and decelerate after exit from the orifice and

entrain ambient liquid. In others areas of engineering applications, jets have been

studied in the presence ofcross-flow and are discussed below.

2.6.1 Jets in Cross-flows

The physics of liquid jets in the presence of a cross-flow have been. studied for

applications other than agricultural spraying. Moussa et a1. (1977) studied the general

characteristics of a round jet in cross-flow and the changes in flow behavior around the

jet. They studied the mixing of a jet in a cross-stream and found that in the region close

to the jet axis, considerable dynamic adjustments took place such as the development of

wakes on the downstream of the jet and the initiation of air entrainment. They found

that close to the nozzle, the free-stream decelerated as it approached the jet boundaries

as if its passage was blocked by a rigid obstacle, with the difference that the boundaries

of the jet were entraining air. Upon reaching the jet, the free stream deflected around the

boundary and accelerated to twice its free-stream velocity.

Sykes et a1. (1986) numerically studied the flow of a round turbulent jet emitted

normal to a free-stream. Near the jet exit, they found a reverse flow immediately behind

the jet, which indicated that the emerging jet acted like a solid cylinder around which

the free-stream separated. Simulations indicated a deceleration of the free-stream on the
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upstream side of the jet with acceleration around the jet and a reverse flow region on the

downstream In the direction along the jet flow, they found significant movement of the

ambient fluid indicating convergence of the fluid into the wake. The similar movement

has been presented by Ghosh and Hunt (1998). This is the mechanism of entrainment,

which brings ambient fluid into the jet.

Coelho and Hunt (1989) studied the near field of a strong jet in a cross-flow

using a three dimensional vortex sheet model and showed that the main transverse

vorticity is distorted by the generation of additional axial vorticity due to a pressure

gradient induced by the external flow. They also showed convection of both

components ofvorticity from the upwind side of the jet to its downwind side..

Kelso et a1. (1996) studied the structure of a round jet in a cross-flow using flow

visualization and flying hot-wire measurements. They identified a horseshoe vortex

system originating just upstream of the jet, a separation region upstream of the pipe exit,

roll-up of the jet shear layer which initiates the counter rotating vortex pair, and

separation of the flat wall boundary layer leading to the formation of a wake vortex

system beneath the downstream side ofthe jet.

Smith and Mungal (1998) experimentally studied the structure of a round jet

normal to a uniform cross-flow for a range of jet-to-cross-flow velocity ratios. The

trajectory and physical dimensions of the jet were scaled with velocity ratio and nozzle

diameter. The results indicated that the structure of the flow field around the jet varied

with changes in the velocity ratio. The results also show the emergence of a counter

rotating vortex pair at higher velocity ratios.

33



The above studies have shown changes in structure of cross-flow field and jets

when the jets are emitted into cross-flows. As there is considerable resemblance

between spray sheets and jets, similar changes may occur in and around agricultural

sprays when subjected to cross-flows as in and around the jets. The spray sheets may

affect the cross-flow in a similar way as the jets. However, the spray sheets are different

from the jets in their composition. The spray sheets are comprised of liquid droplets

formed by the break-up of a liquid sheet, while the jets are generally composed of liquid

or gas. Flow cross flat plates and delta wings is an other area of study that has

resemblance to the sprays (Gursul 1994; Viswanath and Patil 1994). The flat fan sprays

have somewhat geometrical similarity to .t1at plates and delta wings. However, the .t1at

fan spray sheets are different from the .t1at plate and delta wings in many ways. The

spray sheet entrains air while flat plate or delta wing-cannot entrain air. The spray sheet

considerably de.t1ects due to the cross-flow drag while deflection of .t1at plate or delta

wing is relatively very small. The crosswind can pass through the spray sheet while it

cannot pass through the flat plate or delta wing. Overall, the spray sheets in cross-flow

resemble more closely to jets in cross-flow than the flat plate or delta wing in cross

flow. In spite of the difference between composition of jets and sprays, the above

discussion leads one to think that the changes in structure of a spray sheet and the cross

flow, due to their interaction, may have a significant effect on the movement of droplets

in the sprays.

2.6.2 Particle-laden Jets

Longmire and Eaton (1992) studied the structure of an axi-symmetric round air

jet laden with 55 um glass particles. The particles became clustered in the saddle
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regions downstream of the vortex rings, which were propelled away from the jet axis by

the outwardly moving flow in these regions.

Balachandar et a1. (I998) studied the size and velocity distribution of solid

aerosols as they were being transported in a carrier jet. Balachandar and Tachie (1998)

studied the characteristics of droplet-laden jets impinging on a normal wall. The air jet

in this study carried water droplets in the range of mainly 3-8 !lID diameter (average of

5.88 um) in the absence of cross wind. They concluded that close to the nozzle, droplet

size and velocity were strongly correlated while away from the nozzle; there was no

association between the size and velocity of the droplets. The presence of the

impingement wall did not have a significant effect on the mean velocity distributions

near the nozzle.

Studies of jets in the presence of cross-flows have provided information and

understanding of the behavior of jets including the vortices and reverse flow. Miller et

a1. (1989) and Young (1990) documented the presence of vortices at the edges of

sprays. Still, relatively little is known or understood about the behavior of droplet-laden

jets in the presence of cross-flow. Also, there is a lack of knowledge of movement of

the droplets in and downwind of agricultural sprays when subjected to crosswind. The

influence of vortex formation downwind of the spray on the movement of droplets has

not been the subject of much study. Further, the wind speed above a crop canopy or

above the ground surface is non-uniform and increases with height. Thus, the droplets

are generated in a higher wind-velocity zone and must travel through a lower wind

velocity zone if they are to deposit on the crop or ground. To better understand spray
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drift from agricultural sprayers, it is also necessary to investigate what is happening to

the droplets of different size groups inside the spray sheet under varying wind profiles.

This thesis was directed at answering some of the above raised questions. The

research focused on the study of agricultural sprays discharging from conventional

nozzles into a region of high shear of variable crosswind velocity profile. The nozzle

was placed at a location of high wind velocity and the released droplets interacted with

the crosswind. The droplets gradually settled down to regions where the crosswind

velocities were lower. The size-velocity characteristics of droplets in the presence of

such a crosswind profile were investigated experimentally. These characteristics and

droplet concentrations were analyzed to estimate potential drift of the droplets, The

sprays of two qualities ('fine' and 'medium' as defined by Doble et a1. (1985) and

Southcombe et a1. (1997) and adopted by ASAE (2000» were studied in the presence of

a cross flow.

2.7 SUMMARY

The knowledge of formation and transport of droplets to the intended target

helps to understand the role of factors affecting spray drift. The broad range of factors

that affect atomization, droplet transport and drift, includes sprayer characteristics,

operating and environmental conditions, and pesticide properties. Efforts to minimize

the impact of spray drift comprise of finding alternate ways of growing crops, using

alternate methods of protecting crops, and finding ways of minimizing drift when

chemicals are used. Research directed towards the last effort focused on identifying

factors affecting drift, improvements in sprayers and spray formulations, application

timing and techniques, and estimation of spray drift.
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Understanding transport of droplets towards the target has been the subject of

many studies. Based on these studies, a general understanding has developed that 'big'

droplets are less susceptible to drift than 'small' drops. In addition to this

understanding, it is assumed that droplets of a given size travel in the same fashion

through similar atmospheric conditions. This understanding has led to the development

of nozzle designs that minimize formation of small droplets or produce droplets over a

narrow range of sizes.

The adequate estimation of spray drift under given conditions is necessary to

identify factors responsible for drift and to validate results of any improvement effort.

The difficulties associated with field studies of drift are rapid changes in microclimate

resulting into lack of repeatability. In simulation modeling, the movement of individual

droplets was simulated in isolation from other droplets. It has been speculated by many

researchers that droplets may behave differently when moving in a group. However,

how the droplets behave is not known.

In spite of differences, spray sheets in many ways resemble jets. Both jets and

sprays expand and decelerate after exit from the orifice and entrain ambient liquid. In

others areas of engineering applications, jets have been studied in the presence of cross

flow. These studies have documented the development of wakes on the downstream of

the jet, air entrainment, deceleration of crossfIow on approaching the jet boundaries,

acceleration around the jet, a reverse flow immediately behind the jet, and the counter

rotating vortex pair. These mechanisms were considered to affect the movement of

droplets in the sprays. This thesis was directed at understanding of the movement of

droplets in and downwind ofagricultural sprays when subjected to crosswind.
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CHAPTER 3

EXPERIMENTAL SETUP AND PROCEDURES

In this experimental study, four aspects of agricultural sprays subjected to non

uniform crosswinds were analyzed. All the experiments were conducted in a laboratory

wind tunnel, under controlled crossflow conditions. The equipment and instruments

used, along with the procedures adopted in the research are presented in this chapter.

3.1 'WIND TUNNEL FACILITY

The experiments were conducted in the wind tunnel test facility at the

Department of Agricultural and Bioresource Engine�ring, University of Saskatchewan.

This was a newly designed facility intended to study the characteristics of sprays and

droplet-laden jets (Figure 3.1). The wind tunnel had provision for (i) using a variety of

spray nozzle types and sizes; (ii) altering the spraying conditions, i.e., wind speed,

nozzle orientation, height of nozzle above tunnel floor, operating pressure; (iii)

monitoring and recording environmental variations, i.e., wind speed profile, relative

humidity and temperature; and (iv) acquiring images ofthe spray sheet.

The wind tunnel was 6.5 m long, 1.2 m wide, and 2 m high (overall dimensions)

and was an open-circuit type. The test section of the tunnel was 4 m long. The cross

section of the tunnel test section increased from 0.91 m x 0.91 m at the entrance to 1 m

x 1 m at the exit, giving a slope of 0.5°. The slope helped to minimize the effect of the

boundary layer, and maintain uniform conditions throughout the test section (Pope and
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Figure 3. 1: Wind tunnel test facility

Transition duct

Harper 1966). The side walls of the tunnel were transparent to enable visualization and

to provide access to non-intrusive laser-based instrumentation.

Two flow straighteners, one at the inlet and the other at the exit of the test

section, were used to control the air flow pattern inside the test section. The

straighteners had 50 mm x 50 mm square holes. The holes in the lower half of both the

flow straighteners were filled with drinking straws to create higher resistance to the air

in this region. This resulted in a variable-velocity wind profile with a high shear zone at

the location of the nozzle. The suction fan (model CABH36P, American Coolair

Corporation, Jacksonville, FL) at the exit of the tunnel had a maximum discharge of

9.44 m3/s, which is equivalent to maximum air speed of 9.44 mls in the wind tunnel

The fan motor was powered through an AC inverter (Model WFC2005-0C, T. B.
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Woods Sons Co., Chambersburg, PA) that allowed the fan to be run at variable speeds,

providing average wind speeds inside the tunnel ranging from 0 to 9.44 mls (0 to 34

km/h).

The spray generation and control unit was able to control variables affecting the

spray characteristics, i.e., nozzle operating pressure and flow rate. Any fluctuations in

the flow caused by the pump or due to other reasons were controlled by passing the

water through a perma-charged bag-type pressure tank (Model AFV-60, Elbi of

America, Stafford, TX). The tank acted as a damping medium and eliminated pressure

fluctuations in the downstream flow line. The pressure downstream of the pressure tank

was measured with an analog pressure gauge (Wika Instrument Corp., Hauppauge, NY)

with a resolution of 14 kPa and maximum pressure of 690 kPa. The liquid flow rate was

measured with a variable area flow meter (No. H-03286-22, Cole-Parmer Instrument

Co., Niles, IL) with a flow range of 0.387 to 3.875 Limin and resolution of 0.0757

Llmin. The temperature and relative humidity inside the room were measured using a

relative humidity meter (Model 3310-00, Cole-Parmer, Chicago, IL) in the laboratory.

The relative humidity within the laboratory ranged from 26 % to 30 % during the

experiments. The room temperature ranged from 22°C to 23°C during all the

experiments.

3.2 COORDINATE SYSTEM

A coordinate system was adopted such that the origin was at the center of the

nozzle exit. The positive X-axis extended in the direction of the airflow. The Y-axis was

horizontal and perpendicular to the direction of the crosswind. When viewed from the

entrance duct of the wind tunnel, the positive Y-axis extended left from the nozzle. The
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Z-axis extended downward to the deposition surface. The deposition surface was the

wind tunnel floor as shown in Figure 3.2. In this Figure, V, and V, denote the droplet

horizontal and vertical velocity, respectively. For convenience, Vx was deemed positive

in the cross flow direction, while V« was deemed positive in the downward direction.

All measurements were made in the X-Z plane (y = 0)

+y

Nozzle

(0,0,0) \
� +X

Crosswind (U (z)
height
above wind
tunnel floor

-y
+Z

Figure 3.2. Coordinate system (U, crosswind velocity; Vx, droplet velocity in X direction;
Vz, droplet velocity in Z direction; z, distance along Z-axis)

3.3 NOZZLES

The flat fan nozzle, a family of hydraulic nozzles, is probably the most widely

used nozzle in agricultural practice (Lefebvre 1993). The main advantage of the

hydraulic nozzles is their basic simplicity, reliability and relatively low cost. Two

commercially available 80° agricultural flat fan nozzles (models Teejet 8001 and Teejet

8003, Spraying Systems Co. Wheaton, IL) with equivalent exit diameters of 0.66 mm

and 1.1 mm, respectively, were used in this study. The flow rate for the 8003 nozzle

was 19 mL/s at a pressure of 275 kPa while the flow rate for nozzle 8001 was 6.3 mL/s
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at the same pressure. The nozzle, discharging vertically downwards, was located at a

height of O. 5 m above the wind tunnel floor. When viewed into the wind tunnel from the

entrance, the nozzle was 0.38 m from the left side wall of the wind tunnel and 0.12 m to

the left of the tunnel centerline. The nozzle was off center in the wind tunnel to

accommodate the optical restrictions of the laser instrumentation. Tap water was used as

the spray liquid. The spray sheet was perpendicular to the crosswind and its larger

dimension was along the Y-axis as shown in Figure 3.3. Droplet size distribution

measured under no wind at 275 kPa pressure for the two nozzles used in the study is

presented in Figure 3.4.

Y Left side wall of the
wind tunnel

38 em

Spray sheet

/
Center plane ofthe spray sheet at

y=O
X

Crosswind

Right side wall of the
wind tunnel

Plan View

Figure 3.3: Location of data recording in relation to spray sheet and wind
tunnel
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3.4 MEASUREMENT OF CROSSWIND VELOCITY PROFILE

A laser Doppler anemometer (LDA) (Dantec Measurement Technology,

Denmark), as described by Balachandar et a1. (1998) was used to measure the crosswind

velocity profile in the wind tunne1. Smoke was used for seeding the flow during

measurements of crosswind velocity.

The LDA consisted of a laser tube, transmitter, junction box, measurement

probe, photomultiplier tube, processor and computer (Figure 3.5). The system used a 300

mW, air-cooled Argon-ion laser (Model 5500A-OI, Spectra Physics, Salt Lake City, Utah).

The transmitter was an integrated color separator and frequency shifter. Designed for

FiberFlow probe system applications, it could be used with ID, 2D, or 3D systems. The

primary function of the transmitter was to split the laser beam into three color
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Figure 3.5: Schematic oflaser Doppler anemometer

components (with wavelengths of 476.5 run, 488.0 run, and 514.5 nm), and to divide

each color into two beams with a 40 MHz frequency difference using a Bragg cell. The

shifted and direct beams passed through output apertures, where manipulators focused

the beams into fibre optic cables. These fibre optic cables lead the laser beams to a

junction box, and then to a probe. A 400-mm lens on the probe caused the beams to

intersect. Light scattered and reflected by particles traveling through a portion of the

intersection volume was collected by the probe's lens. This lens focused the reflected

light into a receiver fibre optic cable, which carried the reflected light to the same

distributor box and then to an output, which fed the light into a photo-multiplier tube.

The fiber optic probe was mounted on a three-dimensional traversing

mechanism capable of repeatedly attaining the same location with an accuracy of ± 0.1
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mm. Each direction of the traversing arrangement was stepper-motor driven and

controlled by a computer. The operating parameters used for the LDA were as follows:

Wave length ofthe laser

Diameter of the laser beam

Focallength ofthe transmitting lens

Beam separation

Measuring volume dimensions

Gain

Optical frequency shift

Validation

U Voltage
Number of samples at each point
Timeout

514.5 nm

1.35 mm

400mm

38mm

0.194 x 0.194 x 4.09 mrn'

High
40 MHz

-3 dB

1296 V

2000

120 s

The crosswind velocity through the wind tunnel was changed by varying the

rotational speed of the wind tunnel fan. The rotational speed of the fan was controlled

with an input signal of variable frequency to the fan motor through an AC inverter.

Prior to any experiments, the relationship between the frequency of the signal from the

AC inverter and the crosswind velocity was developed. The crosswind velocity inside

the wind tunnel was recorded at various measurement points by selecting fan motor

input frequencies of 6, 12, 18, 24, 30, 36, 48, and 60 Hz. The velocity was recorded 300

mm upwind of the nozzle (x = -300 mm) and at the center of the wind tunnel It was

verified that the crosswind velocity was same at the location of the nozzle as at the

center of the wind tunnel Along the Z-axis, the velocity was recorded at 32

measurement points that were located from 50 mm to 825 mm above the wind tunnel
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floor at 25-mm intervals. Each set of data was replicated three times. For each data

recording, a sample of 2000 readings was taken and the average velocity for that

measurement was recorded. The data for each fan speed at all 32 measurement points

and 3 replicates were used to find the average crosswind velocity in the wind tunnel

cross section, corresponding to each input frequency. The following regression was

developed between the average crosswind velocity and the fan input frequencies (Figure

3.6).

f= 0.66 + 6.181 x s . .. .3.1

where:

f= frequency of input to fan motor (Hz) and

s = crosswind speed in the wind tunnel (km/h).

70

60
---
N

::c
'-'

50;:>..
o
.....

�
;:j 400-
Q)

<t:
.....

;:j 300-
,...,

.:::

25 20.....

0

S
Q

10ee
IJ;..

0

0 2 4 6 8 10

Wind speed (mls)

Figure 3.6: Average wind speed in relation to fan input frequency

46



The coefficient of determination (R2) for the regression was 0.999. The

empirical equation 3.1 was used to find the required fan input frequencies of 9.25 Hz,

26.4 Hz and 43.6 Hz coresponding to the average crosswind speeds of 5 km/h (1.4 mls),

15 km/h (4.2 mls), and 25 km/h (6.9 mls), respectively, required for the experiments.

The wind profiles corresponding to the three wind speeds are shown in Figure 3.7. The

actual crosswind speeds at nozzle location were higher than the average speeds.

The three crosswind velocity profiles were similar in nature and collapsed to a

single line when proper normalizing scales were chosen. The normalized crosswind

profile (f3 ) is shown in Figure 3.8 when:

13= Umean-U
Umax-Umin

.. :.3.2

Where:

U = wind velocity at any measurement point, mls

Umean = mean wind velocity for a profile at one fan input frequency, mls

Umax = maximum velocity for a profile at one fan input frequency, mls

Umin = minimum velocity for a profile at one fan input frequency, mIs

The values of 13 were used to find the following relationship between 13 and

distance along the Z-axis:

13 = a + b / (1 + exp ( - (z - c) / e ) .... 3.3

Where:

z = distance along the Z-axis.

a = lowest value of13 = -0.57

b = range of13 = 1.0

c = z at mid value of13= 17.3 mm

e = a constant and indicator of slope = 40.378 mm
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The coefficient of determination (R2) for this equation was 0.986. An empirical

relationship ofmean velocity with maximum and minimum velocities was also

determined by regression as:

Umax = 1.547 + 1.368 Umean .... 3.4

(Uminrl = 0.061 + 16.15 (Umean)2 .... 3.5

Using equations 3.2 to 3.5, the crosswind profile corresponding to any mean

crosswind velocity can be determined.

As discused in section 3.1, flow straighteners at the beginning and end of a 4 m

long test section have high resistance in the lower half of the cross section and have low

resistence in the upper half Due to this difference in the resistance, the distance along

the X-axis has an effect on the cross.flow profile. In order to minimize this effect,
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crossflow and droplet characteristics were measured in the middle section of the wind

tunnel leaving 1.4 m from both Bow straighteners. The crossflow, therefore was

assumed to be similar within the middle part (the measurement zone) of the wind tunnel

test section.

3.5 MEASUREMENT OF DROPLET VELOCITY AND SIZE

The size and velocity of the droplets in the spray sheet were measured using a

Phase-Doppler Particle Analyzer (PDPA) (Aerometrics Inc., Sunnyvale, CA). Similar to

the LDA, the PDPA used the scattered light for single particle counting. Bachalo and

Houser (1984) presented a method that used the interference fringe pattern produced by
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scattered light to obtain information about the size and velocity of the droplets. The

approach for extracting size information from the phase shift is by using the dual-beam

scattering arrangement of the LDA (Figure 3.9). As discussed by Bachalo and Houser

(1984 and 1985), the temporal frequency of the interference fringe pattern produced by

the scattered light is the Doppler difference frequency, which is a function of beam

intersection angle, light wavelength, and the velocity of the droplet. The spatial

frequency of the fringe pattern is dependent upon the angle of observation, droplet

index of refraction, beam intersection angle, laser wavelength, and droplet diameter.

�easurement/probe
volume

ILaser

Beam splitter

Detector 1

Detector 3

Detector 2

Figure 3.9: Principle ofphase Doppler droplet sizing

The scheme used to measure the spatial frequency of the scattered fringe pattern

required the use of two or more detectors located at a known angle to the laser beam and

separated by a fixed spacing. As the droplet passed through the beam intersection

region, the fringe pattern appeared to move past the receiver at the Doppler difference

frequency. A Doppler burst signal was produced by each detector but with a phase shift

between them This phase shift was linearly related to the droplet size. The phase shift
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was then determined by measuring the time between the zero crossings of the signals

from detectors 1 and 2 and dividing by the measured Doppler period. Measurement of

the phase shift was then related to the droplet size using the computed linear

relationship. The effect of changing the optical parameters, which included the laser

beam intersection angle, collection angle, droplet index of refraction, laser wavelength,

and scattering component detected, on this relationship was simply to change the slopes

of the linear response curves. That is, only the size scale was changed for the same

range ofphase angles.

Three detectors are required to ensure that measurement ambiguity does not

occur, When measuring polydisperse sprays without knowing the approximate size a
, .

priori, phase shifts of greater than 360° could occur. Such occurrences would be

measured as being less than 360°. The third detector provides a logical test to identify

and eliminate such uncertainties.

The PDPA system consisted of five major components: a transmitter (model

11000-1S), a receiver (model 2100-1), a signal processor (model 3100-1), a motor

control module, and a computer. The transmitter generated a laser beam, split it into two

equal intensity beams, and focused them to an intersection point, which formed the

measurement region (sample volume) within the spray pattern. Optical components

within the transmitter served to focus, partition, and to collimate the laser beam The

motor controller allowed the user to control optical components within the transmitter

unit via software. The receiver converted optical signals to electronic impulses, which

were then analyzed by the signal processor. The computer provided a user interface

through software. Lefebvre (1989) and Parkin (1993) have described and compared this
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instrument with other commercially available laser droplet sizing technologies and

found it to be a suitable technique.

Normal operation of the transmitter required the user to select three hardware

parameters: the laser beam spacing, a collimating lens, and a transmitting lens. The

described system allowed three beam spacings and contained two collimating lenses

(160-mm and 300-mm focal lengths) and three transmitting lenses (200-mm. 495-mm,

and 1016-mm focal lengths). Combinations of collimating and output lenses as well as

beam separations provided 18 optical configurations to accommodate a large range of

particle sizes that might be measured. Measurable droplet size ranged from 0.5 to 1020

um, The ultimate size range measurable at one setting, i. e., the ratio of largest to

smallest particles, was 35.

The user controlled the photomultiplier tube (PMT) voltage through the system

software that determined the sensitivity of the detectors at the back of the receiver unit.

A complete temporal description of the spray droplet distribution, which included

volume median diameter, number median diameter, arithmetic mean, volume mean,

Sauter mean, velocity mean, size-velocity correlation, and other parameters was

possible through the software. Graphical output of measured data was available and raw

data could be exported to other software (Wolfet al. 1995).

The PDPA was installed on a frame separate from the wind tunnel to avoid

transmission of vibration from the tunnel to the PDPA. The transmitter was installed

outside and on the right side of the wind tunnel (negative Y coordinate) at an angle of

60° to the test section sidewall. The receiver was installed outside and on the left side of

the wind tunnel (positive Y coordinates) as in Figure 3.10. The transmitter and
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Figure 3.10: Alignment oftransmitter and receiver with wind tunnel

...

receiver centerlines intersected at 30°. The frame' moved both the transmitter and

receiver, together, along the X-axis (cross flow direction). This frame was moved

manually and could be locked at any point along the X-axis. Along the Z-axis, the

transmitter and receiver were moved independently. Their movement could be

controlled through the traverse controller either manually or by input through the

computer system The mounting platform for the transmitter could be rotated around the

receiver centre line and could be set to lie in a plane anywhere between horizontal and

vertical positions (Figure 3.11). This movement allowed the positioning of the

transmitter to measure droplet velocity and size in both the X and the Z directions.

Figures 3.12 and 3.13 show the transmitter and receiver of the PDPA system placed in

relation to the wind tunnel for measurement of droplet vertical and horizontal velocities.

Both the transmitter and receiver could move in X and Y directions on the mounting
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platform for fine alignment. For alignment of the PDPA system, the transmitter was

horizontal and moved in the X, Y, and Z directions to position the beam intersection at

the measurement plane on the center of the spray jet as shown in Figure 3.3. The

position of the transmitter was then locked. The macro alignment of the receiver was

then done by moving the platform holding the receiver along the Z-axis as required.

Finally, the micro alignment was accomplished by moving the receiver on the platform

as required along the X or Y directions (Fig. 3. 11). Alignment of the receiver was
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Figure 3.12: Transmitter and receiver of the PDPA in place for measurement of
vertical droplet trajec\ory

Figure 3.13: Transmitter and receiver of the PDPA in place for measurement of

horizontal droplet trajectory
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checked and adjusted, if required, before recording the data every time the system was

moved to a new measurement location.

The optical configuration of the PDPA consisted of a 160-mm collimating lens

and a 1016-mm transmit lens. The PMT voltage for the experiments was set at 310

volts, which was varied slightly to maximize confirmation rate of the system. Droplet

diameter range for the measurements was selected as 8.4 to 295 um for spray from a

low-flow (Teejet 8001) nozzle and as 15.8 to 552 um for spray from the medium-flow

(Teejet 8003) nozzle. These ranges were selected after considering the droplet size data

recorded under no wind conditions for the two nozzles (Figure 3.4). The velocity range

was selected from -2.6 to 20 mls with velocity offset of 5 mls. There were larger

variations in droplet densities among the measurement locations and excessive

acquisition times were needed at locations such as the edges of the jet, where there were

fewer droplets. To avoid this, sampling was set to obtain either 20,000 validated

samples or record the data for 5 minutes, whichever occurred first. For each

combination of cross-flow wind velocity and operating pressure, droplet size and

velocity were measured at various locations along the X-axis at several distances below

the nozzle along the Z-axis, in the XZ plane (Figure 3.2). For each combination, size

and velocity of the droplets were measured at 26 locations as shown in Figure 3.14.

With the start of experiments and data recording, it was established that for the nozzles

used under the selected operating conditions, the liquid sheet gradually broke into

droplets up to 50 mm below the nozzle exit. Most of the measurement locations were

thus selected beyond 50 mm below the nozzle exit. Each line of measurement locations

at a common z value is termed a measurement station or simply a station for discussion
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in subsequent chapters. At some measurement locations in a few combinations of cross

flow wind velocity and operating pressure, no data were recorded because of the

absence of droplets. At each measurement location, the data were first recorded with the

PDPA in the horizontal configuration to record vertical velocity and size of the droplets.

The data were then recorded with the PDPA in the vertical position to measure

horizontal velocity along with the droplet size. The droplet size data recorded in both

configurations were compared for a few locations using a t-test and the two sets of data

were found identical at a 95% level of confidence. Therefore, the droplet size data

recorded while measuring vertical velocity were used in the analysis. For each

measurement location, the PDPA generated droplet size and velocity histograms. The

data were exported in text format to a file, which was then imported to a spreadsheet

program for further analysis.

The droplet size range for data at each measurement location in a test was

divided into five size classes. The classes were; droplets < 30 urn diameter (class A);

droplets between 30 and 50 um diameter (class B); droplets between 50 and 100 um

diameter (class C); droplets between 100 and 200 urn diameter (class D); and droplets>

200 um diameter (class E). Droplet counts in each size class at each measurement

location in a test were determined from the cumulative curve for each droplet size

distribution. The mean vertical velocity and mean horizontal velocity for droplets in

each size class at each measurement location in a test was determined.

Evaporation of droplets is an important parameter in the approach to predicting

drift (Riley et a1. 1995). In order to assess the role of evaporation in the present study,

the evaporation from the representative droplet sizes (37.7, 103.5 and 202.1 um

58



diameter) was estimated while the droplets move from the :first measurement location

(x = 0, Z = 50) to certain measurement location downwind (Appendix I). During this

estimation, the effect of the droplets on crossflow was not considered. The time taken

by 37.7, 103.5, and 202.1 um droplets while moving from the :first location up to x, Z

locations of 100, 300 mm ranged from 0.003 to 0.062 seconds. During this time, on

average, the three droplet sizes decreased by 16 %, 2.3 % and 0.7 %, to 3l.5, 101, and

201 !lID, respectively. This indicated that none of the three droplet sizes moved to the

lower droplet size class during this travel. It is worth mentioning that the PDPA records

the droplet size data in discrete size steps. In our experiments, the size steps of 37.7,

103.5, and 202.1 um are the closest to the boundaries of our droplet size classes (Class

A, B, C, D, and E). This helps to establish that droplets did not cross class boundaries

due to evaporation. Therefore, for the purposes of this study, the evaporation was not

considered. However, one should note that some small droplets that were measured

close to the nozzle may have decreased in size, below the measurement range for the

PDPA.

The size-velocity correlation coefficient (p) as defined by Balachandar (1998)

with a range from -1 to I can describe the combined effect of size and velocity on the

driftability of the droplets. The following equation was used to determine the size-

velocity correlation coefficient for the data collected in the present study:

.... 3.6
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Where:

(}u = velocity standard deviation,

Vi = velocity ofdroplet i, mis,

(}d = diameter standard deviation,

d, = diameter ofdroplet i, JlIl1,

V = mean velocity ofall droplets, mis,

DJO = mean diameter ofall droplets, JlIl1, and

N = total number ofdroplets.

A value for p of -1 indicates that either the large droplets are moving with low

velocities or the small droplets are moving with high velocities. A value of p close to

zero means that all droplets are moving with nearly the same mean velocity or the

droplet size distribution has a very narrow range. A value for p of 1 means the large

droplets are associated with large velocities or small droplets have low velocities.
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CHAPTER 4

ASSESSMENT OF AN AGRICULTURAL SPRAY IN A NON
UNIFORM CROSS-FLOW

4.1 OVERVIEW

Assessment of potential drift from agricultural nozzles has formed an integral

part of several efforts directed towards minimizing drift. The process of spray drift

assessD?-ent and selection of suitable conditions for spraying has been based either on

field or laboratory measurements or on simulation modeling. For some time, attention

has been given to the use of wind tunnels for spray drift assessment. Some efforts to

extrapolate measurements of spray drift in the wind tunnel to the field conditions have

also been undertaken (Herbst and Ganzelmeier 2000; Walklate et al. 2000). The wind

tunnel assessments have been used to quantify drift losses in uniform cross flows.

Recently computer programs to estimate drift potential based on the simulations of

individual droplets have been developed. These programs have been provided with a

database of droplet size distributions for various nozzles (Hewitt 2000). It was

suspected, after review of many studies (Goering et al. 1972; Happel and Brenner 1965;

Thompson and Ley 1983; Longmire and Eaton 1992), that droplets in a spray might

behave differently from droplets moving individually, as the movement of the droplets

have been reported to induce air currents and to change the velocity of the other droplets

in the vicinity. The present study was focussed on experimentally studying and

analyzing velocity characteristics of droplets in a poly-disperse spray subjected to a
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non-uniform crosswind velocity profile. In this study, the velocity characteristics of

different sizes of droplets in the spray were analyzed to find their drift potential.

Movement of the droplets in the wake region of the spray was also analyzed and has

been presented in this chapter. The droplet size distribution downwind of the nozzle was

used to determine the driftable size range for the nozzle and operating conditions

considered in the study.

4.2 EXPERIl\1ENT AND PROCEDURE

A spray from a flat fan nozzle (model Teejet 8003, Spraying Systems Co.

Wheaton, IL ) was experimentally studied in the presence of a cross-flow. The spray,

generated at an operating pressure of275 kPa (flow rate = 19 mL/s), was studied in the

presence of a 5 km/h crosswind. The experiments were conducted in the wind tunnel

presented in section 3.l. The nozzle was attached to-the top of the tunnel 0.5 m above

the tunnel floor and 0.38 m in front of left side wall of the wind tunnel. A laser Doppler

anemometer (LDA) (Dantec Measurement Technology, Denmark) was used to measure

the crosswind profile in the test section of the wind tunnel. The velocity was recorded

300 mm upwind of the nozzle (x = -300 mm in the X-Z plane, Figure 3.2). Details on

the velocity measurements and the manipulations of the measured velocity to get the

required crosswind profile are presented in section 3.4. The wind tunnel fan was

operated at an input fi:equency of 9.25 Hz during these experiments to attain a 5 km/h

crosswind velocity. The size and velocity of the droplets in the spray were measured

using a I-D Phase-Doppler Particle Analyzer (PDPA) (Aerometrics Inc, Sunnyvale,

CA.). The droplet size, droplet horizontal velocity, and droplet vertical velocity were
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measured at 26 locations in the X-Z plane at y = 0, as shown in Figure 3.14. The details

on recording ofdata are presented in section 3.5.

In order to understand the movement of droplets of different sizes in the spray,

the droplet size range at each measurement location was divided into 5 size classes, i.e.,

droplets < 30 urn (A), from 30 - 50 um (B), from 50 -100 um (C), from 100 - 200 um

(D) and droplets> 200 um (E). The mean vertical and horizontal velocities of the

droplets in each size class were determined taking into account the number of droplets

in that size class.

4.3 RESULTS AND DISCUSSION

4.3.1 General Remarks

Liquid emerges from an atomizing nozzle in the form of a sheet that

disintegrates into spray droplets due to internal instabilities and external aerodynamic

forces (Section 2. 1). The region immediately below the nozzle is generally termed the

break-up region of the spray (Ghosh and Hunt 1998). As soon as the droplets are

formed, drag of the droplets and the entrainment of ambient air induce air motion along

the spray direction. As the droplets from nozzles discharging vertically downwards (as

in the case of agricultural sprayers) slow down, their inertia is determined mainly by

their weight rather than by their initial momentum. The presence of a crosswind

changes the spray characteristics and results in some of the droplets being dragged out

of the spray.

Moussa et a1. (1977) explained that the cross-stream decelerates on approaching

the spray as if a rigid obstacle blocked it with the difference that the spray boundaries

are pliant and entraining while the leading edge of the spray shifts along the cross-

63



stream This phenomenon was visually observed in the present study. The approximate

top view of the spray, while approaching the tunnel floor, under no-wind and crosswind

conditions is shown in Figure 4.1. As shown in Figure 4.1b, close to the nozzle, the

crosswind deflects around the spray surface (much the same as around a rigid body) and

its velocity is expected to increase. In fact Moussa et aI., (1977) noted that in flow past

a blunt obstacle, the velocity can increase to about double the freestream velocity.

Nozzle

Spray

Side view

Top view

(a)

Wind direction

Side view

Wind direction

I
Top view

(b)

Figure 4.1. Shape of spray sheet while hitting wind tunnel floor: (a) without crosswind;
(b) with crosswind
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The jet issuing from a flat fan nozzle before breakup is in the shape of a liquid

sheet with smooth edges. It starts breaking up at the edges of the sheet because of air

entrainment which slowly penetrates to the center of the sheet. Some droplets are also

generated due to air shear at the edges of the sheet, close to the nozzle exit, that can be

carried into the vortices shed from the spray towards the center plane (X-Z in Figure

3.2). Photographs of the spray by Farooq (1995) confirmed generation of such droplets.

Away from the nozzle, the liquid sheet is broken into droplets. Large droplets now

behave as a bluff body in the cross-flow, and an increased airflow around them occurs

(Ghosh and Hunt 1998). Collectively, the large droplets in a spray can be treated as a

porous bluff body in cross-flow. Building on the flow around individual large droplets

(Ghosh and Hunt 1998), it can be expected that the crosswind speed through the pores

(i.e., in between the large droplets) increases and drags the smaller droplets away. At

larger distances below the nozzle, the majority of the small droplets have been removed,

leaving a small number of large droplets.

4.3.2 Size and Velocity Characteristics

In the present study, the droplet sizes at various measurement locations were

reviewed and it was found that, in general, the mean droplet diameter (DlO) increased

with increasing distance from the nozzle along the Z-axis and decreased with increasing

distance downwind of the nozzle along the X-axis (Figure 4.2). Review ofthe velocity

data at these locations indicated that the change in mean droplet size could be related to

droplet movement. As one moved away from the nozzle exit in the X and Z directions,

large droplets maintained their vertical velocity while small droplets were carried away

by the crosswind.
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Figure 4.2: Variation ofmean droplet diameter with distance along the X-axis at

various Z stations (8003 nozzle, 275 kPa pressure, 5 km/h crosswind)

4.3.2.1 Cumulative Droplet Count and Volume

The droplet size distributions were investigated to find the variation in droplet

size with distance along the X-axis. Figure 4.3 presents the cumulative count fraction

(CCF) and cumulative volume fraction (CVF) for all measurement locations along the

X-axis at z = 200 mm. It is important to recognize that the size distribution at x = 0 was

significantly different from that at other locations.

From Figure 4.3b, one can see that at locations along the X-axis other than x = 0,

95% of the volume was contributed by droplets smaller than 100 J..Lm. This indicated
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(8003 nozzle, 275 kPa pressure, 5 km/h crosswind)

that droplets smaller than 100 um tended to be moved out of the spray by the

crosswind. These droplets were separated from the spray, and are considered driftable.

Thus, in this study, the driftable portion of the droplets was defined as the droplet size

below which 95% of the volume was present at x � 200 mm. The CCF and CVF
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distributions were found to be similar at other stations at the same distance below the

nozzle.

Realizing the similarity in droplet distributions at other stations, and to develop

an overall picture of droplet distribution, the droplet size data at all stations along the Z

axis for each location along the X-axis were combined. Figure 4.4 presents the CCF and

CVF combined for stations along the Z-axis for all locations along the X-axis. Figure

4.4a shows the same trend as noticed in Figure 4.3a. From Figure 4.4b, it can be seen

that 95% of the volume was attributed to droplets smaller than 105 11m diameter at

locations along the X-axis for x;::: 200 mm. Based on definition of driftable portion, for

the medium spray from Teejet 8003 nozzle generated at 275 kPa operating pressure and

subjected to 5 km/h crosswind, droplets smaller than 105 11m can be considered as

driftable. This droplet size, obtained from the combined data was taken as the upper

limit of droplet size for the spraying conditions under study because (a) it was based on

the large sample size and (b) it accounted for the variation in deflection of the spray

along the Z-axis. The present data indicated that the deflection of the entire spray by the

cross-flow was in general agreement with the study by Morgan et al. (1957) on effect of

wind on delivery pattern ofnozzles.

Neither CCF nor CVF followed a systematic order. The fraction of smaller

droplets increased from a minimum at x = 0 to x = 200 mm, decreased from x = 200 to x

= 300 mm and then increased from x = 300 to x = 1000 mm. This was likely due to the

presence of vortices at the spray edges. These vortices caused reverse flow that pushed

back small droplets from the downward locations toward the nozzle axis. Because of

this back flow, the number of small droplets increased at x = 100 and x = 200 mm. This
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was also confirmed by the negative horizontal droplet velocities of smaller droplets in

the region containing x = 100 and 200 mm.
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4.3.2.2 Mean Velocity of Droplets

As expected, the vertical droplet velocity (Vz) averaged for all the droplets at

each measurement location, decreased with increasing x while it increased with

increasing z (Figure 4.5). The mean vertical velocity at the nozzle axis was higher at

stations closer to the nozzle exit compared to the stations away from the nozzle exit.

The mean vertical velocity at all measurement stations tended to settle at one value at a

distance along the X-axis. This distance was lower at stations closer to the nozzle than

for stations away from the nozzle. These observations indicated that the mean vertical

velocity reduced faster at stations closer to the nozzle exit compared to the stations
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Figure 4.5: Variation ofvertical droplet velocity (mean for all droplets)
with distance along the X-axis at various Z stations

(8003 nozzle, 275 kPa pressure and 5 km/h crosswind)
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away from the nozzle. At stations closer to the nozzle, the sheet was not deflected. At

these stations and at measurement locations downwind of the nozzle, only small

droplets with lower vertical velocities were present which were removed from the spray

by crosswind. As we move down parallel to the Z-axis, relatively large droplets were

found, which were moved downwind by the crosswind drag. High velocities of these

droplets resulted in higher mean vertical velocity at these locations.

As shown in Figure 4.6, the mean horizontal velocity (V'() in general increased

with increasing x, with the exception of high velocities at x = 100 mm for all stations

and at the nozzle axis for z = 50 mm. The higher mean velocities (averaged over all the

droplets) at these locations were due to the presence of larger droplets that. had higher

horizontal velocities. As discussed in section 4.3.1, these droplets were generated close

to the nozzle exit and attained higher velocities due to higher crosswind. It is expected

that these droplets during their travel to the target moved through the above mentioned

measurement locations and still had higher horizontal velocity. At the nozzle axis, the

mean horizontal velocity was the lowest at z = 100 mm and at z = 200 mm. This was

because of a good proportion of droplets having negative horizontal velocities (droplets

moving backward) at these measurement locations. This reverse flow could be due to

the presence of vortices on the lee side of the jet as described by Kelso et al. (1996),

Coelho and Hunt (1998) and Smith and Mughal (1998).

4.3.2.3 Size-velocity Correlation

The size-vertical velocity correlation (p.) at measurement locations determined

by using equation 3.6 showed that p, ranged from 0.5 to 0.9 at the nozzle axis for all

measurement stations (Figure 4.7). The pv ranged from 0.5 to 0.8 at x = 100 mm for
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Figure 4.6: Variation ofhorizontal droplet velocity (mean for all droplets)
with distance along the X-axis at"'various Z stations

(8003 nozzle, 275 kPa pressure, 5 km/h crosswind)

z = 200 and 300 mm. Large pv resulted from large droplets with high velocities and

small droplets with low velocities at these locations. This indicated that the spray sheet

had been deflected into this region. For all other locations, the value of pv ranged from

-0.2 to 0.2. At these locations, the size-horizontal velocity (Ph) was nearly zero. This

indicated that all droplets at these locations had similar horizontal velocity. These

locations were dominated by < 1 00 J.lID droplets. The negligible vertical and high

horizontal velocities at these locations helped to conclude that these droplets had

milled.
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4.3.3 Droplets in the Wake of a Spray

Knowledge of droplet velocities on the downwind side of the spray is very

important to know the movement of the droplets. This has particular significance in

relation to the movement of the droplets in vortices generated. Young (1990) has

reported that due to blockage effects, air must flow around the spray and in doing so,

the fine droplets are drawn away from the center of the cloud. His observations were

based on the accumulation of more droplets on the edges of the spray cloud.

Understanding ofvelocities is needed to make such conclusions.

As depicted in Figure 4.8, the mean vertical velocity for all size classes was

higher at the nozzle axis and reduced with increasing x. Using this velocity information,

spray can be split into near and far zones as indicated by a split line relative to
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measurement locations in Figure 4.9. The droplets of all classes present in the far zone

had similar mean vertical velocity. This indicated that all droplets settled to one vertical

velocity value after reaching the split line. In the far zone, the vertical velocity stayed

very low and the droplets seemed to be free from the influence of their initial

conditions. In the near zone, the velocity of the droplets was changing. In this zone,

small droplets had small mean vertical velocity while large droplets had large mean

vertical velocity.

The variation in mean horizontal velocity of all the size classes in general showed an

increased with x with the exception that velocity of all droplets was high at the nozzle

axis (x = 0) for z = 50 mm (Figure 4.IOa) and at x = 100 mm for z = 200,.and z = 300

mm (Figures 4.IOc and 4.10d). Figure 4.10 also shows that many droplets in the near

zone except at z = 50 mm had negative horizontalvelocities. The higher velocities at

some locations mentioned above and the negative velocities of the droplets can be

linked to two important phenomena. First, the higher velocities at some measurement

locations (at the nozzle axis for z = 50 mm, x = lOa mm for z = 200 mm and z = 300

mm) were due to many droplets with high velocity passing through these locations.

These droplets were formed at the upwind side close to the nozzle's exit. In this study,

due to crosswind velocity gradient, the crosswind velocity was higher at that elevation

and was reflected by these droplets. These droplets also had higher vertical velocity and

moved quickly to lower elevations where the crosswind velocity was low and started

decelerating both in X and Z directions. When recorded, these droplets were still at high

horizontal velocity. Second, the negative horizontal velocity of the droplets helps to

75



300

-....l

30� 400
0\050 100 200 500 750 1000

� x

-.
Split line

Tunnel floor
500

Nozzle
Measurement

station
Measurement
location

Near zone Far zone

Figure 4.9: Split line relative to measurement locations (All dimensions in mm)

o

50

100

t
z

200



5

4

3
..-

2�
--

1�"
0

-1

5

4

3
..-

2�
--

�"
-0

-1

5

4

3

..- 2

!
�" 0

-1

-2

5

4

3

..- 2

� 1
--

�" 0

-1

-2

-II- < 30 f..UD. droplets
---- 30-50 um droplets
__._ 50-100 um droplets
-y- 100-200 f..UD. droplets
-+- > 200 urn droplets

(a)

o 200 400 600 800 1000

Distance along X-axis (mm)

(b)

o 200 400 600 800 1000

Distance along X-axis (mm)

�

!7!�=.�.
(c)•

0 200 400 600 800 1000

Distance along X-axis (mm)
•

(d)

0 200 400 600 800 1000

Distance along X-axis (mm)
Figure 4.10: Mean horizontal velocity (Vx) of droplets in different size classes along the

X-axis at (a) z = 50 mm; (b) z = 100 mm; (c) z = 200 mm; (d) z = 300 mm.

(8003 nozzle, 275 kPa pressure, 5 km/h crosswind)

77



speculate the presence of vortices at the edges of the spray. This speculation is in

agreement with the presence of'vortices around jets as reported by Kelso et al. (1996),

Coelho and Hunt (1998) and Smith and Mungal (1998). The negative velocities when

looked at in the light ofpresence ofvortices reported in these studies, indicated that the

droplets from the sides might have been pushed towards the center of the sheet and then

backward to the nozzle axis. In the region around the nozzle axis, there were larger

droplets moving with high vertical velocity. It is most likely that the air entrained due to

these large droplets carried with it the small droplets for deposit. The high concentration

of small droplets in the region x = 100-200 and z = 200-300 mm increased the

probability of this occurring. This also explained why there were fewer droplets

collected at the center of the nozzle in the experiments by Young (1990). The similar

difference in velocities in the near and far zones, as -in the case of vertical velocities is

still visible in Figure 4.10.

4.3.4 Spray Drift Potential

To find droplet drift potential the mean vertical and horizontal velocities of

droplets in each size class at all measurement locations were used to calculate the

resultant velocity. The resulting velocity vectors are drawn in Figure 4.11. At the nozzle

axis and close to the nozzle exit, all droplets had large velocities. With increasing

downstream distance, the small droplets decelerated quickly compared to the large

droplets. Some small droplets < 50 urn diameter moved in the negative X direction.

Away from the nozzle axis and at the edge of the spray in Figures 4.11a, b, & c, it can

be seen that droplets at some locations were moving almost horizontally. Figure 4.12

shows the number of droplets of each size class measured at all the locations for equal
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data acquisition time of 60 seconds. The area of the circle represents the number of

droplets. If we term the presence of the droplets in each size class at all measurement

locations, as the spray cloud, one can see that the spray cloud is narrowing down as well

as shifting towards the nozzle axis with the increasing droplet size.

The velocity vectors in Figure 4.11 when extended to the wind tunnel floor (c =

500 mm) revealed that droplets < 30 um (class A) in the near zone (Figure 4.11) would

be depositing within 0.5 m from the nozzle axis while droplets in the far zone were

drifting. The presence of a large number of these droplets in the near zone as in Figure

4.12 indicated that the majority of the droplets in size class A were depositing. The

same can be concluded for the majority of the droplets in size classes B and C. Some of
,

the droplets in these two size classes moved horizontally and were expected to deposit

up to 5 m from the nozzle axis. Some other droplets in class B (Figure l Ifb) can be

seen to be moving towards the nozzle axis. The majority of droplets in class D and E

were detected in the near zone and were expected to deposit within 0.3 m and 0.2 m,

respectively from the nozzle axis. Reichard et a1. (1992a) and Zhu et a1. (1994) have

presented, from computer simulation, deposit distances of various sizes of droplets

under varying crosswind conditions. The range of droplet deposit distances from the

simulation was very narrow while the present study indicated that droplets deposit in a

wide range of distances. The simulation by Reichard et a1. (1992a) estimated the deposit

distance of 100-Jlm droplets from 1.24 m to 1.86 m when these droplets were released

with 20 mls initial velocity into a 0.6 m wide wind tunnel section and 1.0 mls uniform

wind speed. The droplets were released at 0.5 m above the wind tunnel floor. In a

simulation presented by Zhu et a1. (1994), the drift distance of 100-Jlm droplets was
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0.67 m and 3.32 m when droplets were released at 0.5 m above wind tunnel floor with

20 mls initial velocity into 0.5 mls and 2.5 mls crosswinds, respectively. This study

indicated that the majority of the droplets smaller than 100 um were expected to deposit

within 0.5 m from the nozzle axis. At the same time, some droplets may deposit up to

5.0 m from the nozzle axis. This difference suggested that reverse flow was an

important factor that affected droplet movement and deposition. It also suggested that

the droplet movement and deposit distances were affected by the spray sheet and were

altered when the droplets traveled together in the spray.

4.4 SUMMARY

A spray from an agricultural flat fan nozzle was studied in the presence of a non

uniform crosswind velocity profile. The spray was generated at 275-kPa pressure in the

presence of a 5-km/h mean crosswind. Size and velocity of the droplets were measured

in the central region of the spray at various downwind locations in a 1 x 0.3 m grid. The

size-velocity characteristics, the movement of the droplets in the wake of a spray and

the potential drift of the droplets were examined. The droplets smaller than 105 urn

diameter were separated from large droplets away from the nozzle axis along the X-axis

and could be considered as driftable. The results indicate that some small droplets in the

wake of the spray moved back towards the nozzle axis. These droplets were potentially

carried by air entrained due to larger droplets, for deposit. Majority of the droplets

smaller than 100 urn were expected to deposit within 0.5 m from the nozzle axis, while

droplets larger than 100 um were expected to deposit within 0.3 m from the nozzle axis.

According to the discussion above and in the light of previous studies on jets in

crossflow (Kelso et al. 1996; Coelho and Hunt 1998; Smith and Mungal 1998), it could
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well be speculated that vortices were formed at the edges of the spray that moved small

droplets to the center of the spray (y = 0 in Figure 3.3). It could also be speculated that

these vortices resulted in reverse flow in the region close to the nozzle axis. The reverse

flow moved small droplets towards the nozzle axis in a direction opposite to the

crosswind. These droplets were thus expected to deposit near the nozzle axis. This

information compels one to question whether droplet size and velocity distributions

have an influence on the reverse flow. This aspect needs attention and will be discussed

in the next chapter.
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CHAPTERS

EFFECT OF SPRAY QUALITY ON CHARACTERISTICS OF AN
AGRICULTURAL SPRAY IN NON-UNIFORM CROSS-FLOW

5.1. OVERVIEW

A good part of the previous work on drift from agricultural sprays has been on

simulation of the movement of individual droplets of known size and velocity, released

into varying atmospheric conditions (Smith 1970; Goering et al. 197�; Marchant 1977;

Miller and Hadfield 1989). The atmospheric conditions considered included wind

speed, air temperature, relative humidity, and turbulence. Based on these simulations,

drift distances of droplets of various sizes have been determined and conclusions on

their driftability have been made (Reichard et a1. 1992a; and Reichard et a1. 1992b; Zhu

et a1. 1994; Zhu et a1. 1995). These simulations have been done with the underlying

assumption that all droplets of a given size followed the same trajectory and as if there

was only one droplet in the spray at a time. In these simulations, conditions of

generation ofthe droplets have also been ignored.

In polydisperse sprays, the transport of the droplets in the atmosphere can be

influenced by the presence of other droplets. Copan et a1. (2000) pointed out that

droplets in clusters behave differently from individual droplets. When a spray is

released into a cross-flow, the droplet size and velocity distribution in the spray can

influence the cross-flow. The rate of air entrainment into the spray (Thompson and Ley

1983) and air currents induced by moving droplets (Goering et a1. 1972) can vary with
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the spray quality. These changes along with collision of the droplets with each other can

affect the size-velocity characteristics of the droplets. Air entrainment drags small liquid

droplets from the outer regions of the spray inward (Ghosh and Hunt 1994). The

strength of the air entrainment varies with flow rate and size and initial velocity of the

droplets. In their work, Kowe et al. (1998) reported that average induced air motion was

proportional to the relative volume of the droplets and their speed, a result that was

experimentally verified for bubbles and droplets by Couete et al. (1991). Ghosh and

Hunt (1998) called the induced air motion in the spray an 'air-jet' and in their analysis

of sprays, considered different ratios of air-jet and cross-flow velocities. They found

that the' air-jet affected movement ofthe droplets on the downwind ,side of'the spray.

The blockage of airflow by the spray resulted in the formation ofvortices on the

downwind side of the spray that likely caused reverse flow of air and droplets (section

4.3.3), The reverse flow altered the movement ofmany droplets in the spray. It reduced

the tendency of the small droplets to leave the spray (Ghosh and Hunt 1998). As the size

and velocity distributions of droplets from different nozzles vary considerably, the

extent of blockage will vary for sprays generated from different nozzles. Hence, the

movement of droplets of the same size from different nozzles may not be considered as

similar,

This study focused on investigating and understanding the effect of spray quality

on the movement of droplets downwind of the spray sheet. The objectives of this work

included (a) experimentally studying the movement of droplets in the wake of two flat

fan sprays in a non-uniform cross-flow and (b) understanding size-velocity

characteristics ofdroplets downwind ofthese two sprays with respect to drift potential.
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5.2. EXPER.IM:ENT AND PROCEDURE

For this research, water sprays from two commonly used agricultural nozzles,

i.e., Teejet 8001 and Teejet 8003 nozzles (Spraying Systems Company, Wheaton. IL)

generated at an operating pressure of 275 kPa were studied. The American Society of

Agricultural Engineers has classified the sprays generated by the two nozzles as 'fine'

and 'medium' quality (ASAE 2000). For convenience, the same nomenclature will be

used for these sprays in further discussion. The polydisperse sprays from these nozzles

were studied in the presence of a non-uniform (average wind speed of 5-km/h) cross

flow generated in the wind tunnel. The wind tunnel facility is discussed in section 3.1.

A laser Doppler anemometer was used to measure the crosswind �rofile. 1'h:e crosswind

profile at a mean velocity of 5 km/h along with the location of the nozzle is presented in

Figure 3.7. The nozzles, discharging vertically downwards, were located 0.5 m above

the wind tunnel floor. The longitudinal axis of the spray was perpendicular to the

crosswind. The coordinate system used is shown in Figure 3.2.

The size and velocity of the droplets in the spray were measured using a phase

Doppler particle analyzer (PDPA) (Aerometrics Inc Sunnyvale, CA). The PDPA system

has been discussed in detail by Bachalo and Houser (1984) and its operation was

explained by Wolf et al. (1995). Pertinent details are available in section 3.5 and are

avoided here for brevity. The optical configuration of the PDPA included a 160-rnm

collimating lens and a 1016-mm transmitting lens. The photomultiplier voltage was set

at 310 volts that was varied slightly, when needed, to maximize validation rate. In the

case of the 'medium' spray, measurement range for the droplet diameter was selected

from 15.8 to 552 J..I.m and the range for droplet velocity was selected from -2.6 to 20 mls
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with velocity offset of 5 mls. The droplet size range for the 'fine' spray was selected to

be from 8.7 um to 295 um while the velocity range was the same as for 'medium'

spray (Section 3.5). Due to greater variations in droplet densities among various

locations and to avoid excessive acquisition times at some locations such as edges of the

spray, the sampling rate was set at 20,000 validated samples or the acquisition time of

five minutes, whichever occured first.

The droplet size and velocity were measured at various locations in the X-Z

plane as shown in Figure 3.14. The placement of a group of measurement locations

along the X-axis at a Z value was termed as a measurement station for discussion in

subsequent sections. The data were first acquired with the PDPA' set to record droplet
, .

vertical velocity and size of the droplets and then in a position to record droplet

horizontal velocity along with size of the droplets (section 3.5). As discussed in section

3.5, droplet size data acquired while measuring the vertical velocity were adopted for

presentation.

The droplet size range was divided into 5 size classes based on their size, i.e.,

droplets < 30 urn (A), droplets from 30 - 50 um (B), droplets from 50 -100 urn (C),

droplets from 100 - 200 urn (D) and droplets> 200 um (E). Droplet counts in each size

class at each measurement location were determined from the cumulative curves for the

corresponding droplet size distribution. The mean vertical and mean horizontal

velocities of the droplets in each size class were determined taking into account the

number ofdroplets in the respective size class.
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5.3. RESULTS AND DISCUSSION

5.3.1 Droplets in the Wake of a Spray

It was speculated in chapter 4 that vortices shed from the spray sheet affected

the motion of the droplets of all sizes. As discussed in that chapter, it was also

speculated that formation ofvortices on the sides of the spray (along the Y-axis) caused

reverse flow to occur that moved small droplets back towards the nozzle axis. At the

nozzle axis, air entrained due to fast vertically moving large droplets may carry many of

the droplets that prevail in that region for deposit.

Figures 5.1 & 5.2 show the mean vertical velocity (Vz) of droplets in the five

size classes for the 'fine' and the 'medium' sprays, respectively. �s seen in. the figures,
,

the mean vertical droplet velocity for all size classes was higher at the nozzle axis and

reduced with an increase in distance along the X-axis. An exception to this trend

occurred at the nozzle axis for z = 200 rom and z = 300 rom in the 'fine' spray. A

similar phenomenon occurred at the nozzle axis and z = 300 rom for the 'medium'

spray. At these measurement locations, the mean vertical velocity of smaller droplets

was slightly lower than their velocity further along the X-axis. Also at these locations,

some of the small droplets had upward vertical velocities. One should recall that the

spray is bending because of the crosswind and the nozzle axis does not correspond with

the spray axis.

Using the vertical velocity information, a spray can be split into near and far

zones as indicated by a split line in Figure 4.9. Droplets of size classes A to C, i.e.,

smaller than 100 um present in the far zone in both sprays had similar mean vertical
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velocities. This indicated that all these droplets, after reaching the split line, settled to

one vertical velocity value that was only slightly higher for large droplets compared to

the small droplets. In general, in the far zone, the vertical velocity was very low. In the

near zone, vertical velocity of the droplets was changing with distance. In general, small

droplets had small mean vertical velocity while large droplets had large mean vertical

velocity in the near zone. At the nozzle axis, the mean vertical velocity of all droplets

decreased with increasing z as expected. At the nozzle axis, droplets in classes B to E at

z = 50 mm and in classes D to E at z = 100 mm in the 'fine' spray had vertical velocities

higher than the velocities of same size droplets in 'medium, spray. As discussed in

section 2.1, the liquid sheet expands upon exit from the nozzle and slows. down. The
,

liquid sheet in 'fine' spray breaks up closer to the nozzle (at higher velocity) compared

to the liquid sheet breakup in the 'medium' spray- Also large droplets extract more

energy from the liquid sheet on breakup than small droplets. That is why droplets of the

same size in the 'medium' spray had lower vertical velocity close to the nozzle exit

compared to the droplets in the 'fine' spray. At all other Z stations and for all size

classes the trend was reversed (Figures 5.1 & 5.2). This indicated that droplets released

from the 8001 nozzle decelerated vertically at a faster rate compared to the same size

droplets released from the 8003 nozzle. Relatively greater number of large droplets was

present in the 'medium' spray compared to the 'fine' spray. As large droplets entrain

more air (Kowe et a1. 1988), the induced vertical airflow due to air entrainment was

relatively stronger in the 'medium' spray. Consequently, the droplets in the 'medium'

spray moved faster vertically than the droplets in the 'fine' spray.
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Figure 5.3 shows the mean horizontal velocity (V;J of the droplets of different

size classes in 'fine' spray. The mean droplet horizontal velocity of all size classes

increased with increasing horizontal distance along the X-axis (x) from the nozzle. The

exception was higher velocities of droplets at x = 100 mm for z = 200 mm (Figure 5.3c)

and at x = 100 and 200 mm for z = 300 mm (Figure 5.3d). Figure 5.3 also shows that all

droplets at the nozzle axis at all Z stations had either negative or very low horizontal

velocities. Figure 5.4 shows that, in general, the mean horizontal velocity of all the size

classes of droplets in 'medium' spray increased with increasing horizontal distance

along the X-axis. However, the velocity of all droplets at the nozzle axis for z = 50 mm

(Figure 5.4a) and at x = 100 mm for z = 200 and 300 mm (Figures ?.4c & 5.4d) violated

the general trend and was high. Figure 5.4 also shows that many droplets in the near

zone, except at z = 50 mm, had negative horizontal-velocities, As discussed in section

4.3.3, the exceptionally high horizontal velocities at the measurement locations

mentioned above were the result ofmany droplets formed near the nozzle, in the regions

of higher wind speed. These droplets decelerated while descending to the lower

elevations and had still higher velocities at the time ofdetection by the PDPA.

In both sprays, at all measurement stations in the far zone, droplets had similar

horizontal velocities. In the near zone, at the nozzle axis, mean horizontal velocity of

droplets smaller than 30 urn (class A) in the 'fine' 'spray was -1.86 mls close to the

nozzle and increased slightly with the increasing distance along the Z-axis (z) to -1.65

at = = 300 rom The mean horizontal velocity of droplets smaller than 30 um (class A)

in the 'medium' spray was 0.76 mls at z of 50 mm and decreased with increasing z to
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-1.63 mls at z = 300 mm. The mean velocity of droplets of class B in the 'fine' spray

was -1.36 mls at z = 50 mm and increased with increasing z to 0.07 mls at z = 300 mm

while mean velocity of these droplets in the 'medium' spray followed the same trend as

droplets of class A in the 'medium' spray. Horizontal velocity of droplets in class C in

both the 'fine' and 'medium' sprays had the similar trend as droplets in respective class

B.

In summary, droplets smaller than 100 um in the 'fine' spray had lowest and

negative horizontal velocity at z = 50 mm that slightly increased with increasing

distance along the Z-axis. Droplets smaller than 100 urn in the 'medium' spray had

highest horizontal velocity at z = 50 mm and decreased with increasing distance along

the Z-axis. This information showed that reverse flow behind the 'fine' spray was

stronger closer to the nozzle while behind the 'medium' spray, it was stronger between z

= 100 to 300 mm. Behind the 'medium' spray, the reverse flow might have been

affected by relatively strong entrained air jet. The difference in the regions of reverse

flow presence might have been due to the fact that, in the 'medium' spray, in the region

close to the nozzle where most of the air entrainment occurs, some of the air was

passing through the spray and carrying smaller droplets with it. As there might have

been less entrainment into the 'fine' spray, the reverse flow was stronger close to the

nozzle. This showed that there was a greater possibility of the crossflow passing

through the coarser sprays in comparison to the crossflow passing through the 'fine'

sprays. The reverse flow behind the 'fine' spray dissipated with increasing distance

along the Z-axis while the reverse flow behind the 'medium' spray persisted further
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along the Z-axis. This helped to conclude that the presence of larger droplets in the

spray sheet limited horizontal movement of the smaller droplets.

5.3.2 Size-velocity Characteristics and Driftability

The droplet size distributions at measurement locations in both sprays were

studied. As explained in section 4.3.2.1, the droplet size distribution measured at all

stations along the Z-axis was combined for each location along the X-axis to find the

variation of droplet size with the distance along the X-axis. The procedure was

followed for the data from both the 'fine' and 'medium' nozzles. Figure 5.5 presents

cumulative count fraction (CCF) and cumulative volume fraction (CVF) for combined

data of all measurement locations along the Z-axis for each station along the X-axis for

the 'fine' spray. Figure 5.6 presents similar data for the 'medium' spray. As in these

figures, for both sprays, the droplet size distribution up to x = 100 mm is significantly

different from the distribution at other locations. From Figure 5. 5b, one can see that at

locations beyond x = 100 mm, droplets smaller than 78 IJ.m contributed 95% of the

volume. This indicated that droplets smaller than 78 IJ.m in the 'fine' spray had been

moved out of the spray by the crosswind. As in Figure 5.6b, 95% of the volume in the

'medium' spray was attributed to droplets smaller than 105 IJ.m diameter at stations

beyond x = 100 mm, By our definition of driftable portion (section 4.3.2.1), droplets

smaller than 78 IJ.m in the 'fine' spray and droplets smaller than 105 IJ.m in the

'medium' spray were driftable. In sprays from both the nozzles, at x ::; 100 mm, the

droplet size distribution resembled the distribution near the exit. This indicated that the

spray sheet had been deflected up to x = 100 mm, That is in general agreement with the

study by Morgan et aI. (1957).
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The difference in range of driftable size from the two nozzles indicated that,

besides other factors, droplet drift was affected by the size and concentration of other

droplets in the spray. Presence of large droplets in the 'medium' spray entrained more

air resulting into stronger vertical airflow that might push down backward moving

droplets for deposit. In the 'fine' spray, a stronger reverse flow moved droplets of all

sizes towards the nozzle axis. The reverse flow behind the 'fine' spray dissipated with
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increase in distance along the Z-axis and crosswind again dragged out small droplets.

The reverse flow behind the 'medium' spray was weak and resulted in moving only

small droplets towards the nozzle axis.

It has come to be generally accepted that 'fine' sprays drift more than 'coarse'

sprays under field conditions. Airborne spray measurement 2 m downwind of nozzles

showed that drift decreased as sprays changed in quality from 'fine' to 'medium'

(Murphy et al. 2000). Miller et al. (1989) have also reported that spray drift was more
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from 'fine' spray as compared to the drift from 'medium' spray. This is not in complete

agreement with the above discussion. The analysis of droplet size and velocity in this

study, however, indicated that the 'fine' spray is less drift prone closer to the nozzle

than the 'medium' spray. The trend reverses as ones moves away from the nozzle along

the Z-axis. The data in this study were collected only at the center of the spray. These

data did not provide information on the movement of the droplets at other locations

along the Y-axis. As is speculated, the vortices are located at the outer regions of the

spray along the Y-axis. The review of information on vortices at the sides of the jets

studied in crossflow lead to the conclusion that the vortices might have a greater affect

on the droplets' movement at these locations. This could be' the reason that the
,

comparison results quoted above from Miller et a1. (1989) were not consistent at all

measurement locations used in that study. The total drift volumes in that study were

same for both 'fine' and 'medium' sprays. The limited width of the wind tunnel might

have an effect on the structure of vortices speculated in the present study. The

movement of droplets at other locations along the Y-axis needs to be studied before the

disagreements could be discussed and applied to the total spray system.

Both CCF and CVF, for sprays from the two nozzles did not follow the expected

order regarding fraction of smaller droplets in the spray. The fraction increased from

minimum at x = 0 to x = 200 mm, decreased between x = 200 and 300 mm and then

increased between x = 300 and 1000 mm. This was again due possibly to the presence

of vortices at the edges of the spray sheet. These vortices caused back flow of small

droplets and moved them from the zone at x = 300 mm towards the nozzle axis that

resulted into increase in small droplets at x = 100 mm and 200 mm. This was also
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confirmed by the negative horizontal droplet velocities prior to x = 300 mm. The

variation of CCF and CVF with the increase in z was similar at all Z locations and not

presented.

To find droplet drift potential, mean vertical and horizontal droplet velocities in

each size class were combined to get resultant velocity. These velocities in the 'fine'

spray are shown as Figure 5.7 and in the 'medium' spray as Figure 5.8. At the nozzle

axis and close to the nozzle exit, in both sprays, all droplets had large velocities. In the

'fine' spray, a good number of all droplet sizes at locations at the nozzle axis moved in

a direction opposite to the crosswind (negative X direction). In the 'medium' spray, at

locations at the nozzle axis, only droplets smaller than 50 urn moved in the. negative X

direction. Away from the nozzle axis and at the edge of the 'fine' spray (Figures 5.7a,

5.7b, & 5.7c), droplets at some locations were moving almost horizontally but in the

'medium' spray, this was not the case. Figures 5.9 and 5.10 show the number of

droplets of each size class measured at all the locations for equal data acquisition time

(t = 60 s) in the 'fine' spray and in the 'medium' spray, respectively. If we term the

presence of droplets at all measurement locations as a spray cloud, one can see that the

spray cloud was shrinking as well as shifting towards the nozzle axis with increase in

droplet size. The comparison of nozzles indicated that more small droplets moved away

with wind in the 'fine' spray than the droplets that moved in the 'medium' spray. On the

contrary, more droplets in class C in the 'medium' spray moved out with air than these

droplets in the 'fine' spray.

The velocity vectors in Figures 5.7 and 5.8 when extended to the wind tunnel

floor (z = 500 mm) revealed that droplets smaller than 30 um in the near zone
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(Figure 4.9) would most probably be depositing within 0.5 m from the nozzle axis while

droplets in the far zone were drifting in both the sprays. The presence of a large number

of these droplets around the split line of the 'fine' spray (Figure. 5.9) indicated that the

majority of these droplets were drifting. However, the presence ·of a majority of such

droplets in the near zone of 'medium' spray (Figure 5.10) indicated that the majority of

the droplets in size class A were depositing. The same was concluded for the majority

of droplets in size classes B and C. Some of the droplets in these classes in 'fine' spray

moved horizontally and were not expected to deposit within 5 m from the nozzle axis.

Some other droplets in. these classes were moving towards the nozzle axis. Comparison
,

ofFigures 5.9 and 5.10, considered jointly with velocity vectors indicated that more

droplets in class C in the 'medium' spray were drifting compared to these droplets in the

'fine' spray. The majority of droplets in classes D and E in both sprays were detected in

the near zone. The droplets in the two classes in the 'fine' spray were expected to

deposit within 0.4 m and 0.2 m, respectively from the nozzle axis while the droplets in

the 'medium' spray were expected to deposit within 0.3 m and 0.2 m, respectively, from

the nozzle axis. As presented in section 4.3.4, the computer simulations presented by

Reichard et a1. (1992a) and Zhu et a1. (1994) have determined that the range of drift

distances for 100 um droplets was very narrow while the present study indicated that

droplets in class C (50 - 100 urn diameter) from both 'fine' and 'medium' sprays would

likely deposit in a wide range of distances. Considering the velocity vectors and

concentration of smaller droplets (size classes A and B) in both 'fine' and 'medium'

sprays, it can be speculated that these droplets from the two sprays might deposit in a
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different range of distances. This difference suggested that reverse flow was an

important factor in droplet movement that was not considered in the simulation. The

review of the results from simulations and the present study suggested that the droplets

in a polydisperse spray behave differently than the droplets in a monosized speray. It

also suggested that the reverse flow and its effect on transport of droplets varied with

the spray quality.

5.4 SUMMARY

Sprays from two different flat fan nozzles were studied in the presence of non-

uniform crosswind profile with a mean velocity of 5 kmIh. The sprays from the two

.
.

nozzles were classified as 'fine' and 'medium' sprays. The research was aimed at
.,

investigating the effect of spray quality on the droplet movement in the wake of the

spray and on the droplet drift potential. The water sprays were generated at a pressure of

275 kPa in a wind tunnel. The size, horizontal velocity and vertical velocity of the

droplets were measured at various locations downwind in the central region of the

spray. The droplet velocity vectors and number density were compared at various

downstream locations.

In the wake region of the spray, it was found that droplets of all sizes in the

'fine' spray and the smaller droplets in the 'medium' spray moved back towards the

nozzle. The majority of droplets smaller than 50 um in the 'fine' spray were expected to

drift. On the other hand, the majority of these droplets in the 'medium' spray were

expected to deposit within 0.5 m and the rest within 5 m from the nozzle axis. The

majority of droplets between 50 and 100 um diameter in both sprays were expected to

deposit within 0.5 m from the nozzle axis, while some of these droplets in the 'fine'
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spray were expected to be carried by wind more than 5 m from nozzle axis. The

majority of droplets larger than 100 !Jl11 in the 'fine' spray were expected to deposit

within 0.4 m from the nozzle axis while most of these droplets in the 'medium' spray

were expected to deposit within 0.3 m from the nozzle axis. The results also indicated

that droplets smaller than 78 um diameter in the 'fine' spray and droplets smaller than

105 urn diameter in the 'medium' spray were separated from the spray and were

considered as driftable droplet size. However, the drift distances in case of 'fine' sprays

were longer than the drift distances in case of 'medium' sprays. The presence of large

droplets in a spray limited the horizontal movement of the small droplets. The results

also indicated that droplets in a polydisperse spray have different velocity

characteristics than the similar droplets in a mono-sized spray and the spray quality was

found to affect these characteristics.

The above discussion indicated that the spray quality had a significant impact on

the structure of reverse flow behind the spray. As a result, movement of the droplets of

various sizes in the wake of the spray was affected. The discussion also indicated that

spray quality may have an effect on the extent of crosswind passing through the spray.

Relatively stronger reverse flow in the wake of the 'fine' spray indicated that there was

more blockage to crosswind by the 'fine' spray compared to the blockage to crosswind

by the 'medium' spray. This important outcome suggested that there may be interaction

between the droplet size distribution and crosswind velocity. How does the change in

crosswind velocity affect aerodynamics around a spray and the movement of droplets in

the spray? How does this change affect the driftability of the droplets ofvarious sizes in

a spray? The next chapter has been dedicated to finding an answer to these questions.
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CHAPTER 6

EFFECT OF VARIATION IN CROSS-FLOW VELOCITY ON
AGRICULTURAL SPRAY CHARACTERISTICS

6.1 OVERVIEW

The presence of wind during a spray application is a problem whenever one is

applying agrochemicals. There is the potential for droplet drift leading to deleterious

effects (Reichard et a1. 1992a). It is of concern to farmers everywhere, and certainly to

farmers in Saskatchewan as they inevitably spray under windy conditions (Farooq

1995). This is also necessitated by the limited time frame during which one has to apply
,

the chemicals.

It is generally understood that drift increases with the increasing wind velocity.

In many studies, drift has been shown to change linearly with wind velocity (Gilbert and

Bell 1988; Reichard et a1. 1992a; Hobson et a1. 1993; Wolf et a1. 1993). Reichard et a1.

(1992b) have shown for four droplet sizes (100, 150, 200 and 300 um diameter) that a

near linear relationship exists between the mean drift distance and the mean wind

velocity for each droplet size. It was also shown that the influence of the wind velocity

on drift distance increased as the droplet size decreased.

In the previous chapters, the formation ofvortices as conjectured on the basis of

reverse flow in the wake of the spray, and entrainment of air have been recognized as
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measurements were conducted to ensure that the profile was similar at the three chosen

wind speeds. The three crosswind profiles are shown in Figure 3.7. Size and velocity of

the droplets in the spray were measured using a commercial phase-Doppler particle

analyzer (PDPA) (Aerometrics Inc., Sunnyvale, CA). The mounting of the PDPA and

its operation as an attachment to the wind tunnel have been presented in section 3.5. The

photomultiplier tube voltage was set at 310 volts and was varied slightly, when needed,

to maximize validation rate. The measurement range for diameter was set at 15.8 to 552

um and for velocity at -2.6 to 20 mls with a velocity offset of 5 mls. The sampling rate

was set at 20,000 validated samples or the data acquisition time was limited to 5

minutes, whichever occured first. The droplet size and velocity were measured at

various downwind locations in the central plane of the spray (i.e., y = 0, in Figure 3.3).

The data were recorded at 26 measurement locations as shown in Figure 3.14.

As indicated in chapter 3, the droplet size data -at each measurement location

were divided into five classes, namely, droplets < 30 urn (A), from 30 - 50 um (B),

from 50 -100 urn (C), from 100 - 200 urn (D) and droplets> 200 um (E). The mean

vertical and horizontal droplet velocities for each size class were determined taking into

account the number of droplets in the respective size class. In the forthcoming

discussion, data of size class B, C and E are mainly used in the presentation of results to

avoid redundancy.

6.3 RESULTS AND DISCUSSION

For clarity in the analysis, a physical description of the flow field is in order.

The spray, being composed of droplets, is permeable to some extent The spray

structure, as a whole, acts as a porous bluff body by letting the wind pass through and
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around it. The extent to which the crosswind flows through the spray depends on the

droplet distribution, the spacing between the droplets and the crosswind velocity. For

obvious reasons, a higher crosswind can penetrate more through the spray. At all cross

flows, the flow around the spray will accelerate due to the blockage effect. In the case

of flow past bluff bodies, it is well known that the velocity at the edge of the body will

be approximately 1.4 times the approaching fluid velocity at a low blockage ratio.

Further, greater increases have been noticed at higher blockages. The strength of the

vortex that is formed behind the body will be proportional to the square of this velocity.

The pressure will be lower in the core of the vortex that is shed from the body

(Balachandar and Ramamurthy 1992). Applying a similar reasonin� to the present flow
,

field, in the low speed crosswind (5 km/h), the strength of the vortex will be less. In the

high crosswind (25 km/h), the pressure in the core of the vortices will be lower during

the vortex formation process, due to the increased speed of the fluid around the spray.

However, the strength of the vortex will diminish due to the increased flow taking place

through the spray and interfering with the vortex formed. The increased penetration of

the spray will also generate smaller droplets due to increased aerodynamic

fragmentation and, this in tum will affect the permeability of the spray. The effect of the

vortices on the droplet transport will die out quickly with the cross flow velocity

dominating the flow field. In the medium crosswind (15 km/h), one can conjecture that

the strength of the vortices that are shed from the spray sheet is more than that noticed

in the low crosswind. Because the penetration of the spray is lower than that noticed at

the higher crosswind, the effect of the vortices might persist further downstream.

Further, there is also the sweeping action of the crosswind as it negotiates its way
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through the bottom of the spray sheet close to the wind tunnel floor. To assist in

understanding the droplet motion and d.rift, one can study the evolution of the spray in

terms of the droplet vertical velocity, horizontal velocity, number density, and droplet

volume distribution.

6.3.1 Vertical Velocity Distribution

Figures 6.la and 6.1b show the mean vertical velocity distribution for class B

droplets at measurement stations z = 200 and 300 mm, respectively, for all three

crosswinds. At the low crosswind and both Z locations (Figures 6.1a and b), the class B

droplets had high downward velocity in the region close to the nozzle axis. The

magnitude of the velocity decreased with increasing downwind distance, with no

significant change occurring beyond x = 300 mm. At the medium crosswind, close to

the nozzle axis at both Z Iocations (Figures 6.la and b), the velocity of the class B

droplets was negative (i. e., directed upwards). The magnitude of the mean velocity at Z

= 300 mm location (Figure 6.lb) was about -1.5 mis, with 95% of the droplets having

negative velocities. On observing the distribution within the class B droplets at this

location, one can notice that the smaller droplets in the group had larger negative

velocities. At this crosswind and at both Z locations, the vertical velocity initially

increased with increasing downwind distance and finally attained a near-constant value.

At the high crosswind, the spray sheet was bent in the downwind direction and there

were no class B droplets at x = 0 at both Z locations. At this crosswind, the class B

droplets experienced a reduction in velocity with increasing downwind distance at both

Z locations. However, the decrease in case of Z = 200 mm location was up to x = 200

mm and thereafter the vertical velocity gradually increased to a constant value. At all
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three wind speeds, the class B droplets settled to the same vertical velocity for

x> 500 mm.

At the low crosswind, comparing the magnitude of the class B droplet vertical

velocity at z = 200 with that at z = 300 mm (Figure 6.1 a and b), one can note that the

droplets of this size class experienced a significant deceleration around x = o. Overall, at

the medium crosswind, the droplet vertical velocities became more negative while

traveling from z = 200 to z = 300 mm, with the least velocities occurring in �he x = 200

mm region. At the high crosswind, comparison ofvertical droplet velocity at the two Z

stations indicated that the velocity increased on moving from z = 200 to 300 mm. This

can be attributed to the fact that droplets at z = 200 mm had nega�ive vertical velocity.

Comparing Figures 6.1a and 6.1b, at three crosswinds, one can note that at each value of

z, the class B droplets tended to attain a near-constant vertical velocity further

downstream. Further, one should also note the persistence of negative vertical

velocities, especially at the station z = 300 mm (Figure 6.1b) at the medium wind speed

and the quick dissipation of the negative vertical velocity at the high crosswind. From

the physical description provided earlier, one can realize that the strength of vortices

formed due to blockage effect and flow around the spray might have been the highest at

the medium crosswind. This was because of the increased crosswind velocity at the

sides of the spray as the wind moved around the spray. These vortices would be affected

by the flow penetrating through the spray, which in the medium crosswind would be

larger than that noticed in the low crosswind, but much reduced when compared to the

high crosswind. In general, vortices have a central core region with high velocities and

low pressures. The low pressures act as a suction device and move the droplets upwards
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(similar to a tornado effect). The effect of the suction is enhanced in the present flow

field due to higher velocities in the top region of the wind tunnel leading to lower

pressures in the vortex cores. Further, the sweeping action of the cross flow due to the

bending of the spray (ill the wind tunnel floor region) also caused the smaller droplets

moving in the upward direction.

Figures 6.2a and 6.2b show the mean. vertical velocity for class C droplets at the

three wind speeds for measurement stations z = 200 and z = 300 mm, respectively. It is

clear from the figures that once again, the droplets attained a near-constant vertical

velocity as they traveled in the downwind direction. The magnitude of this velocity was

not influenced by the crosswind speed as the droplets had attainedthe terminal velocity., "

,

However, the reduction in the vertical velocity with increasing distance in the crosswind

direction was the lowest at the lowest crosswind. This class of droplets did not have a

negative mean velocity. This was because of the higher weight of the droplets that

prevented the droplet from being sucked or pushed upwards. A similar behavior was

noticed at the large size classes (Figure D.I, Appendix D)

6.3.2 Horizontal Velocity Distribution

Because drift potential was the major concern of the present study, the

analysis of the horizontal velocity of the droplets became important. Figures 6.3a and

6.3b show the mean horizontal velocity of class B droplets at the measurement stations

z = 200 mm and z = 300 mm, respectively. At all three crosswinds, the droplets had low

horizontal velocity at the nozzle axis that increased with increasing distance along the

X-axis (x). The mean horizontal velocities attained a near-constant value after a certain

distance from the nozzle. The magnitude of this value increased with increasing

115



4.51
-- 4.01CI)

... 5'8 ».

� 3.0
o
o

� 2.5

-+-5 km1rr

-8-15 knrhr

__._ 25 knrhr

-

CI3
o 2.0·E
Q.)
;>

1.5�
CI3
Q.)

� 1.0

0.5

(( lb»

0.0 t--------,,--��=��====i�;;;�L-_______.,
o 200 400 600 800 1000 1200

Distance along X-axis (nnn)

4.5

4.0

,--., 3.5<Il
........

E
'-"

.0 3.0
'(3
0

2.5Q)
>

Cii 2.0U
'.0

1-0
C1)
> 1.5
c
CI3
C1)

l.0�

0.5

0.0

0

(b)

(b)

200 400 600 800 1000 1200

Distance along X-axis (mm)

Figure 6.2: Variation in mean vertical velocity of50-100 urn droplets along
the X-axis (a) z = 200 mm; (b) z = 300 mm (8003 nozzle, 275 kPa pressure,

5, 15 and 25 kmIh crosswinds)

116



5.0

4.0 � .. oil oil .. ..

3.0

..- 2.0
�

1.0 �--

::::

I
O.O..J --+-5 km'h

(a)
-8-15 km'h/

-1.0 -k-25.kmh

-2.0

0 200 400 600 800 1000 1200
Distance along X-axis (nm)

5.0
"

,

3.0

� 2.0

...._.,

� 1.0

0.0

-1.0

-2.0

0

(b)

200 400 600 800 1000 1200

Dstaoce alo� X-axB (�

117

Figure 6.3: Variation in mean horizontal velocity of30-50 um droplets along
the X-axis (a) z = 200 rom; (b) z = 300 rom (8003 nozzle, 275 kPa pressure,

5, 15 and 25 km/h crosswinds)



crosswind. At z = 300 mm, this velocity was around 0.7 mis, 2.7 mls and 4 mls for the

low, medium and high crosswind, respectively. The free-stream velocity for the three

crosswinds at this Z location was 0.7 mis, 2.7 mls and 4.5 mis, respectively.

At the low and medium crosswinds, the class B droplets had negative horizontal

velocities in the vicinity of the nozzle axis. The negative velocities are likely a

consequence of the formation of the vortices behind the spray sheet, which tended to

drag smaller droplets from the edge of the spray sheet towards the central plane of the

spray sheet and back towards the nozzle axis. At z = 200 mm, for the medium

crosswind, the droplets had a larger magnitude ofnegative velocity due to the increased

strength of the vortices. With increasing crosswind, due to the increased penetration of
(

the spray, the droplets acquired greater velocities in the cross flow direction. This

observation is in agreement with Ghosh and Hunt (1998) and with the earlier

observation that higher crosswinds penetrated more through the spray. The droplets of

larger size classes had either very small components ofnegative horizontal velocities or

mostly positive velocities. This is a consequence of the larger droplets having a

significant inertia due to the droplet time scale being larger than the fluid time scale.

6.3.3 Size-Velocity Characteristics and Driftability

6.3.3.1 Velocity Vectors

To better understand the velocity characteristics, vertical and horizontal

velocities of the droplets in each size class at each measurement location were

combined to obtain the resultant velocity. The velocity vectors for three size classes (B,

C and E) are presented to analyze the drift potential. The velocity vectors for size

classes A and D are presented in appendix II for reference. The velocity vectors for
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droplets of size class B for the three crosswinds are presented in Figure 6.4. As is clear

from Figure 6.4a, the 30-50 urn droplets in the spray subjected to the 5 km/h crosswind

had significant downward vertical velocities at all locations. Close to the nozzle, these

droplets had velocity vectors in a direction opposite to the crosswind. At 15 km/h

(Figure 6.4b), the velocities became predominantly horizontal except at the nozzle axis.

Close to the nozzle, at two locations, the droplets had velocity components opposite to

the crosswind. However, these negative components were not as strong as those in spray

subjected to 5-km/h crosswind. At the medium wind speed, the droplets could be seen

to move upwards in the region 50 rom < x < 500 and z = 300 mm. At 25 km/h (Figure

6.4c), the class B droplets at all locations beyond x = 50 rom moved in the horizontal

direction. At this crosswind, these droplets had upward components at z = 200 mm and

x = 200 to 300 mm.

Figure 6.5 shows the velocity vectors for the class C droplets. The behavior of

this size class was similar to that noted for the class B droplets, with the exception that

there were no negative components of velocity (i.e., no movement upwards or against

the cross flow) due to the increased weight of the droplets. The velocity vectors for

droplets larger than 200 urn at the three crosswinds are shown in Figure 6.6. As can be

seen in Figure 6.6a, at the low crosswind, the droplets of this class had a strong vertical

velocity. In Figure 6.6b, these droplets had velocity components directed downwards up

to x = 200 rom. Downwind of this location, the droplets had velocity vectors in the

horizontal direction, albeit with small magnitudes. At the high crosswind, the class E

droplets mainly had vertical velocity up to x = 300 mm. At z = 300 mm and x > 300

mm, the droplets were moving predominantly in the horizontal direction.
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The comparison of velocity vectors in the three size classes indicated that in

both sprays subjected to 15 and 25 km/h crosswinds, the smaller droplets moved mainly

horizontally. At locations x > 200 mm, the larger droplets also moved in the horizontal

direction, i.e., there was potential for both small and larger droplets to drift.

6.3.3.2 Droplet Concentration

The concentration of droplets in size classes B (30 to 50 urn droplets), C (50 to

100 urn droplets), and E (larger than 200 um droplets) are presented as Figures 6.7, 6.8

and 6.9. The concentration of droplets in size classes A « 30 um droplets) and D (100

to 200 um droplets) are presented in appendix II for reference. The concentrations for

size class B droplets in sprays subjected to three crosswinds are, given in Figure 6.7.

Here, concentration is defined as the number of droplets in a given size class that was

measured in a unit time. The area of the circle in each figure is relative to the number of

droplets at each measurement locations in that figure. At the low crosswind, the

majority of 30 to 50 um droplets (Figure 6.7a) were concentrated in the region

comprising oflocations x < 200 mm. These droplets at 15 km/h crosswind (Figure 6. 7b)

were found at all measurement stations with larger concentrations occurring around z =

200 mm. At the high crosswind (Figure 6.7c), this class of droplets was found at all

locations of x � 200 mm, with the highest concentration occurring at z = 100 mm.

Comparing the three figures, one can note that with increasing cross flow velocities, the

concentration of the droplets increased at lower values ofz.

The concentrations of 50 to 100 um droplets in sprays subjected to three

crosswinds are presented in Figure 6.8. In spray subjected to 5 km/h crosswind

(Figure 6.8a), most of these droplets were found in the region x < 100 mm. At 15 km/h
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(Figure 6. 8b), the droplets were found in reasonable numbers at all locations ofz = 200

and 300 mm for x > 0 and at z = 100 mm, x = O. The 50 to 100 um droplets in spray

subjected to 25 kmIh (Figure 6. 8c) were spread over all the locations except at the

nozzle axis. The highest concentration ofthese droplets occurred at z = 200 mm,

The concentration of droplets larger than 200 um in sprays subjected to three

crosswinds is presented in Figure 6.9. At the lower crosswind (Figure 6.9a), most ofthe

droplets larger than 200 um were found to occur at the nozzle axis and no droplets

could be found at x > 100 mm. Also, in spray subjected to 15 km/h (Figure 6.9b), most

of these droplets were found along the nozzle axis. A very limited number of droplets

were found beyond x = 100 mm, In spray subjected to 25 km/h (figure 6. 9c), most of

the droplets larger than 200 um were recorded in the region consisting ofx = 0, z = 100

mm, and x = 100 mm, z = 200 to 300 mm, A few droplets were also found up to x = 750

mm. In general, one could note that at the medium and high crosswind, the smaller

droplets were found in sufficient numbers at downwind locations x > 200 mm, At the

high crosswind, the number of large droplets increased in the region 100 mm < x < 300

mm.

Using the droplet concentration and extending the velocity vectors toward the

wind tunnel floor, one can identify the drift potential for each size class. The locations

with higher concentration of droplets smaller than 100 urn in spray subjected to 5 km/h

crosswind had considerable vertical velocity and it can be considered that the majority

of these droplets would be depositing within 0.5 m from the nozzle axis. However,

some of these droplets were traveling horizontally and would be depositing up to 5 m

from the nozzle axis. This shows that not all the droplets in the driftable size fraction as
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determined from droplet concentration will necessarily drift. Some in fact be deposited

near the nozzle. This effect can be attributed to the turbulence generated by the spray

sheet. The droplets in classes D and E in this spray had strong vertical velocity and were

concentrated close to the nozzle axis. The majority of the droplets in classes D and E in

this spray were thus expected to deposit within 0.3 m and 0.2 m, respectively, from the

nozzle axis.

In spray subjected to 15 km/h, the droplets smaller than 100 um were spread

over all the downstream locations that also corresponded to a region ofhigh horizontal

velocity. It, therefore, could be considered that almost all the droplets smaller than ·100

Jl1I1 in this spray would drift. At some locations, droplets of size cl�ss D had velocity in

the horizontal direction, but their concentration was low. The majority of the droplets in

size class D would thus deposit within 1.0 m from the nozzle axis. Similarly, most of

the droplets in class E can be expected to deposit within 0.6 m from the nozzle axis.

In the high crosswind, droplets smaller than 100 um diameter were concentrated

in the upper region of the measurement grid. The velocities of these droplets were

almost horizontal and could generally be considered drifting. The 100 to 200 um

droplets in this spray were found at locations near the nozzle with considerable vertical

velocity. At the same time, these droplets were also found in the far lower region of the

measurement grid with considerable horizontal velocities. However, the majority of

these droplets would likely deposit within 1.5 m of the nozzle axis. Although droplets in

size class E, at some locations in the high crosswind had horizontal velocity, their

concentration was very low. In view of the above discussion, the potential driftability of
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different size classes is summarized in table 6.1. These conclusions are similar to the

one presented by Miller (1993) (Figure 2.3).

Table 6.1: Potential driftability of different droplet size classes

Average crosswind Droplet size class

velocity A B C D E
(km/h)

5 X X X X X

15 � � � X X

25 � � � � X

X Indicates no drift
� Indicates potential drift

6.3.3.3 Volume Distribution

Because the volume of chemical drifting is a major concern, the droplet volume

distribution at various measurement locations was computed for the three crosswinds.

Typical examples of the distributions at z = 100 and 300 mm are presented. Figures

6.10a, 6.10b and 6.10c show the droplet cumulative volume fraction (CVF) at z = 100

mm for x = 200, 500, and 1000 mm, respectively. These distributions provided a sense

of the droplet sizes drifting and the volume of liquid contained in these droplets. As

seen in Figure 6.1 Oa, the smallest droplets occurred at the highest crosswind at x = 200

mm. At x = 500 and 1000 mm (Figures 6.10b & 6.10c), no droplets were detected at the

lowest crosswind. At x = 500 mm, the medium crosswind had larger droplets compared

to the high crosswind. At x = 1000 mm (Figure 6.1 Oc), the two distributions were

almost identical. Figure 6.11 shows the droplet CVF at z = 300 mm and x = 200, 500,

and 1000 mm at the 3 crosswinds. At all three measurement locations, the spray
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subjected to 5 km/h had the lowest droplet size that increased with increasing

crosswind. Comparing Figures 6.IOa and 6.lla, one could note that there was a distinct

effect of the crosswinds. At the low crosswind the vortices at the edges of the spray, as

speculated due to presence of the reverse flow, moved the small droplets back towards

the nozzle axis leaving behind the larger droplets. Consequently, the droplets measured

at z = 100 mm and x = 200 mm were larger. Due to the entrained air, a consequence of

the presence of larger droplets having high vertical velocity near the nozzle axis, the

smaller droplets were pushed down. This resulted in the higher concentration of smaller

droplets at measurement station z = 300 mm as reflected in Figure 6. 11 a, where the

measurements at the low wind speed indicated a larger number of small droplets. With
. .

,

increasing crossw:in.d velocity, the penetration of the crosswind through the spray sheet

increased and all droplets were moved downwind. At the high crosswind and at z = 100

mm, the crosswind penetrated through the spray and the crosswind speed increased in

the pores (spaces between large droplets). As a result, the cross flow transported the

smaller droplets out of the spray sheet. As indicated earlier, there was also a greater

possibility of enhanced aerodynamic fragmentation in high crosswinds resulting in more

number of smaller droplets being formed, compared to droplets in sprays subjected to

lower crosswinds. In this spray, with increasing z, the small droplets were absent and

only the large droplets were being measured.

Using the CVF figures, one can make reasonable estimates of drift. One should

remark that of the potentially drifting droplets indicated in Table 6.1, not all droplets in

any size class would be drifting. In Figure 6.1Ic, at z = 300 mm and x = 1000 mm, one

can assume that all droplets measured at this location are those that have been separated
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from the main spray sheet. Consequently, these could be considered part of the drifting

droplets. Using a definition for drift such as the droplet size below which is contained

95% of the drifting volume, one could conclude that droplets smaller than 67 J..Lm can be

considered as 'drifting' at the 5 kmIh crosswind. Similar sizes at the medium and high

crosswind are 96 and 120 J..Lm, respectively.

The above definition is based on the data at z = 300 mm and x = 1000 mm

location. In order to see a combined effect (i.e., using data at all x,z locations) the

droplet size distributions at all Z stations for each location along the X-axis were

combined to find the variation of cumulative count fraction (CCF) and cumulative

volume fraction (CVF) with the distance along the X-axis. Th� cumulative droplet

volume distributions for sprays subjected to 5 and 15 kmIh crosswind indicated that the

distributions up to x = 100 mm were significantly different from the droplet size

distributions at other locations along the X-axis. The
�

CVF data also indicated that

droplet size distribution was more scattered in spray subjected to 25 kmIh compared to

the sprays subjected to other crosswind speeds. Using the CVF data it was found that at

measurement locations beyond x = 100 mm, droplets smaller than 105 J..Lm, 210 J,.Lm, and

300 J..Lm contributed 95 % of the volume to the sprays subjected to 5, 15, and 25 kmIh

crosswind speeds, respectively. This indicated that droplets smaller than these sizes in

sprays subjected to three crosswinds had been moved out of the spray by the crosswind.

By our definition of driftable portion (section 4.3.2), droplets smaller than 105 J..Lm, 210

J..Lm, and 300 J..Lm in spray subjected to 5, 15 and 25 kmIh, respectively could be

considered as driftable.
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6.4 SUMMARY

The droplet size and velocity characteristics of an agricultural spray generated

from a typical flat fan nozzle were studied in a wind tunnel in the presence of three

crosswind profiles. The water spray from a Teejet 8003 nozzle, discharging vertically

downward, was generated at 275 kPa. The three crosswind profiles had similar velocity

distribution patterns and corresponded to average wind speeds of 5, 15, and 25 kmIh.

The three crosswinds were referred to as low, medium, and high. The nozzle was

located in the region of high shear. The variables of interest included the droplet size,

droplet horizontal velocity, droplet vertical velocity, droplet concentration and volume

distribution. These variables were used to evaluate the drift potential of the droplets.
, "

,

For convenience of analysis, five different droplet size classes were chosen. The results

indicated that at the low speed cross flow, the droplets in the wake of the spray moved

in the negative horizontal direction (i.e., opposite to the cross flow). The presence of

reverse flow, when considered in conjunction with the previous studies on jets in

crossflow, helps to conjecture that cross flow moved around the spray resulting in the

formation of vortices downstream of the spray sheet. The backward moving smaller

droplets in a spray subjected to lower crosswind eventually deposited in a region close

to the nozzle axis. The air entrained due to fast moving larger droplets helped these

droplets deposit. At the high crosswind, the wind completely penetrated the spray and

dragged both small and large droplets downstream For this flow condition, most of the

droplets were drift prone. At the medium cross flow, there was significant penetration of

the spray by the cross wind and the potential for drift was also high.
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Based on the combined CVF at all x,z locations, droplets smaller than 105 J..1.m,

210 J..1.m and 300 J..1.m were separated from the spray and were considered driftable in

sprays subjected to 5, 15, and 25 km/h, respectively.

As has been seen in the last two chapters, the spray quality and crosswind

velocity affect the size-velocity characteristics and driftability of the droplets. The effect

of operating pressure on these parameters is still not known. The next chapter is

dedicated to study this aspect of a spray in cross flow. The droplet size-velocity

characteristics at individual measurement locations and of individual droplets (still

moving in a group) were also investigated and presented.
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CHAPTER 7

EFFECT OF OPERATING PRESSURE ON CHARACTERISTICS
OF AN AGRICULTURAL SPRAY IN CROSS-FLOW

7.1 OVERVIEW

Among various factors affecting agricultural spray drift, meteorological

conditions and application parameters are to be considered at the time of application.

The meteorological conditions of importance are wind speed, temperature and relative

humidity. The important application parameters are spray quality, nozzle· height and

operating pressure. For an efficient and effective application, the selection of a suitable

.,

combination ofapplication parameters for the prevailing meteorological conditions has to

4

be made before any application. Some ofthese parameters even may have to be adjusted

during the spray application. New and promising low drift spray technologies have

recently been developed, and efforts to develop a formal system for evaluating and

implementing these innovations will be increasingly important in future.

As discussed in detail in section 2.5.2, understanding the behavior of spray

droplets, in the presence of wind, has been attempted by simulations and theoretical

analysis. However, these studies consider the dynamics of a single droplet only. In the

previous three chapters, the size-velocity characteristics of droplets in agricultural sprays

downwind of the spray were studied. The effect of crosswind and spray quality on these

characteristics was also studied. In these studies, it has been established that
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droplet size and velocity characteristics and their driftability are different for droplets in a

group from the characteristics of individual droplets. In this chapter, the effect of

operating pressure on these characteristics and the driftability of the droplets at

measurement locations has been assessed. Also, the size-velocity characteristics of

droplets at individual measurement locations and of two droplet sizes among the group

have been studied.

7.2. EXPERIMENT AND PROCEDURE

The present experiments were conducted using a single nozzle in a wind tunnel

facility discussed in section 3.1. Detailed features of the wind tunnel are presented by

Farooq (1995) and Farooq et al, (1996). The wind tunnel has a 4-m long test section. Its

cross section increased from 0.91 m by 0.91 m at the entrance to 1 m by 1 m at the exit

with the slope of 0.50 to help reduce the effect of the wind tunnel wall boundary layer.

Wind speeds from zero to 34 km/h inside the wind tunnel could be generated with the

help of a variable speed suction fan. The variable resistance flow straighteners on both

ends of the test section were used to create a non-uniform crosswind profile. The

crosswind profile with an average velocity of 15 km/h was selected for this study. A laser

Doppler anemometer (Dantec Measurement Technology, Denmark), as described by

Balachandar et a1 (1998) was used to measure the wind speed profile in the test section.

The details on measurement and manipulation of the data to find the required profile

have been presented in section 3.4. The crosswind profile used for this study is shown in

Figure. 7.1. The coordinate system in relation to the wind tunnel is shown in Figure 3.2.

An 800 flat fan nozzle (model Teejet 8003, Spraying Systems Co. Wheaton, IL»

was used in this study. The water spray was generated at three nozzle operating

137



droplet size and velocity characteristics and their driftability are different for droplets in a

group from the characteristics of individual droplets. In this chapter, the effect of

operating pressure on these characteristics and the driftability of the droplets at

measurement locations has been assessed. Also, the size-velocity characteristics of

droplets at individual measurement locations and of two droplet sizes among the group

have been studied.

7.2. EXPERIM:ENT AND PROCEDURE

The present experiments were conducted using a single nozzle in a wind tunnel

facility discussed in section 3.1. Detailed features of the wind tunnel are presented by

Farooq (1995) and Farooq et a1. (1996). The wind tunnel has a 4-m long test section. Its

cross section increased from 0.91 m by 0.91 m at the entrance to 1 m by 1 m at the exit

with the slope of 0.50 to help reduce the effect of the wind tunnel wall boundary layer.

Wind speeds from zero to 34 km/h inside the wind tunnel could be generated with the

help of a variable speed suction fan. The variable resistance flow straighteners on both

ends of the test section were used to create a non-uniform crosswind profile. The

crosswind profile with an average velocity of 15 km/h was selected for this study. A laser

Doppler anemometer (Dantec Measurement Technology, Denmark), as described by

Balachandar et a1. (1998) was used to measure the wind speed profile in the test section.

The details on measurement and manipulation of the data to find the required profile

have been presented in section 3.4. The crosswind profile used for this study is shown in

Figure. 7.1. The coordinate system in relation to the wind tunnel is shown in Figure 3.2.

An 800 flat fan nozzle (model Teejet 8003, Spraying Systems Co. Wheaton, IL»

was used in this study. The water spray was generated at three nozzle operating

137



pressures (ISO kPa, 275 kPa, and 400 kPa) while the crosswind profile was kept

constant. The nozzle discharging vertically downward was located 500 mm above the

wind tunnel floor. The spray sheet was aligned with the Y-axis as shown in Figure 3.3.
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Figure 7.1: Upstream crosswind profile

The size and velocity of the droplets in the spray were measured with a phase

Doppler particle analyzer (PDPA) (Aerometrics Inc., Sunnyvale, CA). First described by

Bachalo and Houser (1984) the PDPA has been discussed in detail by Wolf et al. (1995).

The details concerning the use of PDPA with the wind tunnel have been presented in

section 3.5. The optical configuration of the PDPA consisted of a 160-mm collimating

lens and a 1016-mm transmission lens. The photomultiplier tube voltage for the
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experiments was set at 310 V, which was varied slightly to maximize the confirmation

rate of the system Diameter range for the measurements was selected as 15.8 to 552 um

and velocity range from -2.6 to 20 mls with a velocity offset of 5 mls. As discussed in

section 3.5, the sampling was set to terminate after 20,000 validated samples or the data

time of 5 minutes.

Droplet size and velocity were measured at various locations along the X-axis at

several distances below the nozzle along the Z-axis in the XZ plane. The position of

measurement locations in relation to the nozzle is shown in Figure 7.2. For each x.z

location, the PDPA generated droplet size and velocity histograms. Droplet diameter,

vertical velocity (V:), horizontal velocity (Vx) and size-velocity correlations were

recorded and presented in this chapter. These characteristics ofthe droplets were studied

for determining the droplet drift potential at various measurement locations.

7.3. RESULTS AND DISCUSSION

7.3.1. Mean Velocities

Figure 7.3 shows the variation of mean vertical velocity of the droplets (V:) with

x at various stations along the Z-axis for the test pressure of 275 kPa. At any station

along the Z-axis, the mean droplet vertical velocity along the nozzle axis (V:(axial) was

used as the normalizing scale. Following Balachandar et a1. (1998), the distance below

the nozzle along the Z-axis (z) was used as the normalizing length scale. Figure 7.2

shows the normalized (x/z) axes used in the analysis. It is evident from the figure that the

data collapsed to a single curve except for the data at z = 38 mm. This indicated the

attainment of a 'similarity' profile that could be useful in modeling. Such similarity
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Figure 7.3: Vertical velocity ratio (VJVZ(axial)) vs distance ratio (x/z) at various stations along the Z-axis(8003 nozzle, 275 kPa pressure, 15 km/h crosswind)
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Figure 7.4. Variation in mean vertical droplet velocity along the nozzle axis (Z-axis)
(8003 nozzle, 275 kPa pressure, 15 kfu/h crosswind)

profiles have been noted in other droplet-laden jet studies. As shown in Figure 7.4, the

mean droplet vertical velocity at the nozzle axis increased with z up to z = 75 rom and

then decreased. A similar increase in droplet velocity has been observed in earlier studies

on droplet- laden jets (Longmire and Eaton, 1992). Figures 7.5a and 7.5b show the

variation in droplet vertical velocity with increasing distance along the X-axis in sprays

generated at three operating pressures for measurement stations at z = 75 and 100 mm,

respectively. Figures 7.6a and 7.6b show the similar data for measurement stations at z =

200 and 300 mm, respectively. At z = 75 rom and 100 mm, the velocity data at three

pressures nearly collapsed to a single line beyond an x/z ratio of 2 while at z = 200 mm

142



1.2 l

,.-._
;:::-

<::s 1.0!
�
;: 0.8
�

0 I
'':;:

0.6 �c:s
"""

.c- I'0
0 I

Q) 0.41:>
-

c:s

02 �C)
'':;:
"""

� I
!

0.0

0 1 2

,.-._ 1.2l;:::-
.� 1.0
�
'-

�
;: 0.8
�

0
'':;:

c:s 0.6"""

.c-
'0
0

Q) 0.4
:>

"';
C)

'':;: 0.2"""

�
0.0

0 2

� Pressure = 150 kPa
i

-A- Pressure = 275 kPa I
.

--- Pressure = 400 kPa I

(a)

3 5 6 74

Distance ratio (x/z)

(b)

4 6 8 10 12

Distance ratio (x/z)
Figure 7.5. Vertical velocity (mean for all droplets) ratio (V/V::(axial) vs

distance ratio (x/z) for pressures of 150 kPa, 275 kPa and 400 kPa at

(a) z = 75 rom; (b) z = 100 rom (8003 nozzle, 15 km/h crosswind)

143



-- 121.::::-
.s 1.0
'<

�
�
� 0.8
'-'

0
.+::
�

0.6'"'

.c-
.-

Q
0
-

O4J
Q)
;:> (b)
-

�
Q

.+::
'"' 0.2

�

0.0 I

0 1 2 3 4

Distance ratio (x/z)

1.2 ..,

-- I.::::-
.:: 1.0�
-..:..

�
� ,
'-'

0.8 1
0 I

.+::
I
I

�

0.6l'"'

.c-
.-

0.4 j
Q
0
-

Q)
;:>
-

�
Q

.+::
'"'

0.21�
0.0

0 1 2 3

Distance ratio (x/z)

-+- Pressure = 150 kPa I-ts- Pressure = 275 kPa '

--- Pressure = 400 kPa

(a)

4 5

Figure 7.6. Vertical velocity (mean for all droplets) ratio (V/V:(axial)VS
distance ratio (x/z) for pressures of 150 kPa, 275 kPa and 400 kPa at

(a) z = 200 mm; (b) z = 300 mm (8003 nozzle, 15 kmIh crosswind)

144



and 300 mm, the data had very little variation. This indicated that the droplet vertical

velocities were reduced by the same ratio in sprays at three pressures beyond x/z ratio of

two.

Comparison of velocities at three pressures at four measurement stations

indicated that closer to the nozzle along the X-axis, at low values of z the vertical

velocity was higher at higher pressure but at high values of z, velocity was higher at

lower pressures. In general, the sprays are finer at higher pressure compared to the lower

pressures (Equation 2.1). As discussed in section 5.3.1, the higher vertical velocity at

lower pressures away from the nozzle along the Z-axis could be attributed to more air

entrainment at lower pressure helping droplets maintain their vertical velocity. Using

half-width, the location where mean velocity is reduced to one-half of the maximum

velocity, it was noted that at z stations close to the nozzle the relative spread ofthe spray

was higher at higher pressures. With the increase in distance along the Z-axis, the trend

reversed and at z = 300 mm, the relative spread of the spray was higher at the lower

pressure (150 kPa). One has to conclude that further away from the nozzle the spray was

prone to less drift at lower pressures.

Figure 7.7 shows the variation with x of the normalized mean droplet horizontal

velocity with respect to approaching free-stream velocity at various stations along the Z

axis. As in Figure 7.7 at the 38-mm axial station, the droplet horizontal velocities

increased from the nozzle axis up to an x/z ratio of 1.5 and then decreased with a

tendency to level off to the free-stream velocity. Close inspection of the data at this

station indicated that at the nozzle axis (x = 0), all the large and small droplets had low

velocities. At the next two x values along the stream-wise direction, only droplets below
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100 um having a high velocity were present. At other locations along the z = 38 mm

station, the droplets were also found to be small but their velocity was lower than the

velocity of the droplets at x/z ratio of 1.5. At other axial stations (38 mm < z S 300 mm),

the velocities increased from the nozzle axis to a local maximum and leveled off to the

free-stream velocity (U). For axial stations at z = 75 and 100 mm, the values of the

velocity defect at the nozzle axis were lower than for other z values. On the other hand,

at these two z values for locations beyond x/z ratio of 5, the droplets were generally
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small and their mean horizontal velocity was slightly more than the approach wind

velocity. Figure 7.7 indicated that there were also locations at z = 38 mm where the

mean horizontal velocity of the droplets was higher than the corresponding approaching

wind velocity. One should note that the cross-flow had a high gradient in this region

(Figure 7.1) and the closer to the nozzle, the higher the cross-flow. The droplets arriving

at z = 38 mm were generated close to the nozzle and had high horizontal velocities.

Some of the droplets at this station also acquired a velocity higher than the average, as

these were generated at the edges of the spray where the wind speed was also higher due

to blockage effects (section 4.3.1). At the same time, these droplets also had high

vertical velocities and moved down to a location where the crosswind velocity was

lower. Now comparing the droplet horizontal velocity to the local horizontal cross-flow

velocity would indicate that (Vy-U)IU was greater than zero. With this phenomenon in

mind, it is fairly easy to understand that the droplets released or generated at the higher

elevation, in the high wind velocity gradient zone, moved down quickly to the lower

velocity zones because of their high initial vertical velocity and the added push by the

entrained air (Ghosh and Hunt 1998). During the travel, droplets decelerated both in the

vertical and in the horizontal direction. The Stokes number, which is the ratio ofparticle

relaxation time to the fluid relaxation time, is an indication of how closely the droplets

will follow the flow field. For example, at the pressure of275 kPa, at z = 38 mm and at

an x/z ratio greater than two, the droplets were predominantly less than 100 um in

diameter (average 58 urn) and the local value of the Stokes number was below 1,

indicating that the droplets strongly followed the prevailing wind.
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One should also recall that there might be collision between droplets. At z = 75

and 100 mm and close to the nozzle axis, the droplet size histogram (not shown)

indicated a mixture of large and small droplets. When large droplets collide with small

droplets, either the droplets coalesce or large droplets transfer their momentum to the

smaller droplets causing small droplets to move faster. This is the region of the spray

where the spray sheet acts as a porous body in the cross-flow as described by Ghosh and

Hunt (1998). This hypothesis is supported by the fact that the measurements downstream

of such locations (along the X-axis) had predominantly small droplets (as shown in

Figure 7.10 and 7.11 later) indicating that large droplets had fallen out and been

transported in the Z-direction.

Figure 7.8 shows the variation of the normalized horizontal droplet velocities

with x at three operating pressures for measurement Stations at z = 75 and 100 mm. The

similar data for measurement stations at z = 200 and 300 mm is shown in Figure 7.9.

Similar to Figure 7.7, the velocity was the lowest at the nozzle axis for all z stations. At z

= 75 mm, when the pressure was 150 kPa and 275 kPa, the velocity increased from the

nozzle axis to location corresponding to x/z ratio of 0.6 and then decreased to level off to

U. As discussed in case of Figure 7.7, some of the droplets generated at the higher

elevations might have arrived at this location also and had a droplet velocity greater than

the prevailing crosswind velocity. At pressure of 400 kPa, the velocity increased from a

low value at the axis to level off to the wind velocity at x/z ratio of2.6. At z = 100 rom,

the velocity in case oflower pressure had the similar trend as at z = 75 mm. At other two

pressures, the velocity increased from the lowest at the nozzle axis to level off to the
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crosswind velocity at x/z ratio of3. At the two stations (z = 75 mm and 100 mm) and at

275 and 400 kPa pressures, the velocity away from the nozzle was slightly higher than

the crosswind. At z = 200 mm, the data had the similar trend as at z = 100 mm except hat

the velocity away from the nozzle was not higher than the crosswind. At z = 300 mm, for

275 and 400 kPa pressure the velocity increased from the nozzle axis to level off to wind

speed at x/z ratio of 1.6 but interestingly, for 150 kPa, the velocity remained below the

freestream velocity. The data at all z stations indicated that the rate of change of the

horizontal velocity was very large and the droplets approached cross-flow velocity in a

very short distance.

At all locations along the nozzle axis, the velocity histogram indicated that some

of the droplets had negative velocities. At the nozzle axis, at z = 75 and 100 mm, a big

proportion of the droplets, small and large had negative velocities. Majority of the other

droplets had very low positive velocities. The negative velocity in the wake region was

due to backward flow of some of the droplets downwind of the spray sheet. The spray

sheet also shielded the droplets in the wake region from the effect of cross-flow, thus

limiting the horizontal velocities to lower values.

In the wake region of the spray and at lower z, the horizontal velocity at higher

pressures was low. This might have been because of more blockage of the spray at

higher pressures. In the wake region and at higher z the horizontal velocity at all

pressures was similar and lower than the crosswind. At higher z and away from the

nozzle the horizontal velocity was lower than the crosswind at lower pressure while it

approached the crosswind at higher pressures. This indicated that at higher pressures, the

effect of blockage had diminished while it persisted at lower pressures. The above
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results, therefore, are in agreement with the results discussed in chapter 5 for 'medium'

and 'fine' sprays. The normalized velocity data had also indicated that there was a

greater change in the velocity with the distance along the X-axis at z = 75 and 100 mm

stations.

7.3.2. Size-velocity Correlation

Figures 7.10 and 7.11 show the variation of droplet mean diameters (DIO) with x

at measurement stations z = 75 and 100 mm for three operating pressures. Figures 7.12

and 7.13 show the similar data at stations z = 200 and 300 mm. The value of DIO in

general increased with increasing distance below the nozzle and decreased with the

increasing distance downwind of the nozzle. It was noted that close to the nozzle (z =

50, 75 and 100 mm), there was a slight increase in the mean droplet diameter with

increasing distance beyond x of 100 mm. The trend was similar for the three pressures.

However, this trend did not exist at z = 200 and 300 mm. The region ofthe spray having

the smallest DIO was in the wake of the spray. As seen earlier, this dip in the curve might

be due to the presence of reverse flow and vortices accumulating smaller droplets in this

region. It was also seen that the mean diameters tended to be the same towards the jet

periphery for all stations along the Z-axis.

Size-velocity correlation (Balachandar, 1998) with range from -1 to 1 can serve

as an important factor to measure the combined effect of size and velocity on driftability

of the droplets. A value for p of -1 indicates that either the large droplets are moving

with low velocities or the small droplets are moving with high velocities. A value ofp

close to zero 0 means that all droplets are moving with nearly the same mean velocity. A

value for p of 1 means the large droplets are associated with large velocities or small
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droplets have low velocities. The value of P at all measurement locations for both

horizontal and vertical velocities of the droplets was determined for the data collected in

the present study using the equation 3.6. For clarity, data are presented only for z = 100

and200mm.

Figure 7.14 shows the variation in size-horizontal velocity correlation (Ph) and

size-vertical velocity correlation (Pv) along the X-axis for three pressures at a z = 100

mm. For 150 kPa pressure, both Ph and p; at all the locations along the X-axis, except at

the no�e axis, were between -0.1 and 0.12 (Figure 7.14). At the nozzle axis, the

horizontal velocity was negatively correlated to size while the vertical" velocity is

positively correlated to size. At locations along the X-axis away from the nozzle axis, Ph

and Pv indicated that all the droplets (small or large) were moving at about the same

velocity. At xlz z I, the mean diameter of the droplets was well below 50 um. These

droplets had a higher mean horizontal velocity and lower mean vertical velocity, and

were drift prone. At the nozzle axis, the high positive value ofp; was due to the large

droplets having large vertical velocity while a big proportion of small droplets had small

vertical velocity. At the same time, a negative value ofPh at this location was due to low

horizontal velocity of large droplets and high horizontal velocity of small droplets. The

combined effect of low vertical and high horizontal velocity subjected small droplets to

drift. A good proportion ofdroplets at this measurement location (� 20% by count), with

representation from the whole size range, had negative horizontal velocities. Among the
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droplets that had negative velocity, mean velocity for droplets < 1 00 um was -l. 7 mIs

while the mean velocity for droplets> 100 um was -0.43 mls. As explained earlier, the

spray sheet in this area obstructed the crosswind, which might have created vortices on

the downwind of the spray causing droplets to move backward. This phenomenon has an

important implication for spray drift as the small droplets got moved toward the nozzle

axis. These droplets could collide with the large droplets coming from above and

traveling with high velocity downwards. This improved the chances of the smaller

droplets being deposited at the required site. The entrained air near the nozzle axis might

also increase the prospects ofthese droplets to deposit near the nozzle.

For the 275 kPa pressure at z = 100 mm, both Ph and p; at all locations along the

X-axis were between -0.1 and 0.1 except at the nozzle axis. At the nozzle axis, the value

ofPh was -0.25 while the value ofpv was 0.55. The negative value ofPh was mainly due

to large droplets with low or negative horizontal velocity. The high value ofpv was due

to large droplets with large and small droplets with small vertical velocities. The similar

conclusions as for 150 kPa pressure could be drawn for 275 kPa pressure at this

measurement location.

For the 400 kPa pressure at z = 100 mm, Ph at all the locations along the X-axis

was between -0.2 and 0.1 which was also true for Pv except at the nozzle axis (Figure

7.14). The data at these locations indicated very low mean vertical velocity and high

mean horizontal velocity while the mean droplet diameter was in 20 to 40 urn range. This

indicated that the droplets in these regions were drifting. At the nozzle axis, large

droplets had very high vertical velocities while small droplets had both large and small
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velocities. Horizontally, all the droplets had similar velocity, which was very low at the

nozzle axis. Both the large and small droplets with high vertical velocities had very low

chances of drift and only the small droplets with low vertical velocity were subject to

drift.

Figure 7.15 shows the variation in size-horizontal velocity correlation (Ph) and

size-vertical velocity correlation (A) along the X-axis for three pressures at z = 200 mm

For 150 kPa pressure, Ph ranged between -0.2 and 0 at all measurement locations along

the X-axis beyond x/z of 1. At these locations, p; was also in the same range. The mean

horizo�tal velocity of the droplets at these locations was close to the. wind speed while

their vertical velocity was low. The droplets again were typically-in the low size range

« 1 00 um). This indicated that the droplets at these locations were drifting. At the

nozzle axis, Ph was -0.5 while Pv was 0.75. This location had large droplets with large

vertical velocity while small droplets had small vertical velocity (Figure 7. 16a). The same

location had considerable number of large and small droplets with negative horizontal

velocities while some small droplets had low positive velocities (Figure 7.16b). At x/z

ratio of 0.5, Ph was 0.75 while p; was 0.85. At this measurement location, large droplets

had large horizontal velocity while small droplets had small velocity. There were also

certain small droplets which had large horizontal velocity. At the same location, large

droplets had large vertical velocity while small droplets had small vertical velocity. Like

horizontal velocity, a good proportion of small droplets had large vertical velocity. At

these locations, small droplets with large horizontal velocity and small vertical velocity

were clearly drifting. At x/z ratio of 1, all droplets had horizontal velocities of more
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than 1.5 mls while their mean vertical velocity was very low which indicated that these

were also drift prone. For 275 kPa pressure at z = 200 mm, Ph ranged between -0.15 and

0.05 except at x/z ratio of 0.5. At this pressure and measurement station, Pv ranged

between -0.2 and 0.2 beyond x/z ratio of 0.5. At these measurement locations, the

droplets were smaller than 100 um, These droplets traveled horizontally at the same

velocity as of the crosswind while their vertical velocity was very low. These reasons

indicated that majority of these droplets would drift. At the nozzle axis, the Ph is high

while Pv is close to zero. The vertical velocity at this location was high while the

horizontal velocity was low, which indicated that the droplets at these locations would

not drift. At x/z ratio of 0.5, both the Pvand Ph were high. At this location, small droplets

had low vertical and horizontal velocity while large droplets had high velocity in both

directions. At this location, some small droplets with low vertical velocity while some

large droplets due to high horizontal velocity were expected to drift. The low horizontal

velocity of small droplets at this location indicated the presence of reverse flow that is

moving some droplets opposite to the crosswind making the overall average low.

For the 400 kPa pressure at z = 200 mm, Ph ranged from -0.15 to 0.05 while p;

ranged from -0.2 to 0.1 at x/z ratio of more than 0.5 (Figure 7.15). This means that all

the droplets at these locations were moving at essentially the same speed. At these

locations, the horizontal velocity of the droplets was the same as the wind velocity; their

vertical velocity was very low while the mean droplet size was less than 50 urn, This

information confirms that these droplets were drifting. At the nozzle axis, the droplet

mean horizontal velocity was distributed around zero but some large droplets had small
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negative velocities while the velocity of small droplets ranged from -3 to 3 mls. On the

other hand, small droplets had small as well as large vertical velocities while large

droplets had large vertical velocities. At this location, only small droplets with large

horizontal and small vertical velocities were likely to drift. At x/z ratio of 0.5, all the

droplets had horizontal velocity higher than 1 mls but large droplets had larger velocity

compared to smaller droplets. At this location small droplets had small vertical velocity

while large droplets had large velocity. This shows that all the droplets were drifting,

small droplets due to their low vertical velocity, and the large droplets due to their high

horizontal velocity.

Efforts were also made to understand the behavior of dropJets of a specific size

with increasing distance from the nozzle. Such data are of immense use in validation of

models to predict spray drift. The variation in mean vertical velocity for 38 and 70.5 urn

droplets along the X-axis at various stations along the Z-axis (Figure 7.17) showed that

at stations closer to the nozzle (z < 200 mm), there was a fairly large variation in vertical

velocity. The mean velocity of the 38-flm droplets was larger along the nozzle axis that

decreased with increasing distance along the X-axis, and tended to a constant value. This

was consistent with the mean vertical velocity of all the droplets considered as a whole.

With increasing distance along the Z-axis, the 38-flm.droplets had more or less the same

mean vertical velocity at locations along the X-axis. These droplets also had negative

vertical velocity (traveling upwards) at large Z values. Closer to the nozzle, vertical

velocity of the 70.5 urn droplets was very high (�10 mls) and reached a constant value

with increasing distance along he X-axis. Near the nozzle, the smaller droplets (38 um)
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traveled at a lower vertical velocity compared to the larger droplets (70.5 um). Unlike

the 38-f.Ull droplets, the larger droplets did not have negative vertical velocity.

Variation of the horizontal droplet velocity along the X-axis for the two droplet

sizes of 38 um and 70.5 urn (Figure 7.18) showed that, near the nozzle, both droplet

sizes quickly relaxed to the cross-flow velocity. However, with increasing distance along

the Z-axis (z > 200 mm), the droplet velocity increased to the cross-flow velocity rather

slowly. At the last Z station, the 70.5-Jlm droplets attained the cross-flow velocity at 1.0

m from the nozzle axis. Both the droplet sizes, at z = 38 mm, and away from the nozzle

axis had a velocity higher than the wind. Similarly, the droplets at z = 75 and 100 mm at
\ .

x greater than 500 mm had velocity higher than the wind which was consistent with the

mean horizontal velocity computed for all the droplets. Overall, as expected, the data

indicated that smaller droplets were subjected to an increased cross-flow effect.

7.4 SUMMARY

The droplet size and velocity characteristics of an agricultural spray were studied

in a wind tunnel in the presence of a non-uniform cross-flow. The spray was generated at

three nozzle-operating pressures. The droplet size and velocity were measured in both

the cross-flow direction and the vertical direction. From the size-velocity measurements,

it was found that many droplets immediately behind the spray sheet were found to be

traveling in a direction opposite to the cross-flow.

In the region below 75 mm from the nozzle exit, small droplets with low vertical

velocity were separated from the large droplets with high vertical velocity. The droplets

released or generated at higher elevations, in the high crosswind velocity-gradient zone,

164



.- •••
� 1.0 A • • �

�

.i � •
:::..: 0 0 0
'-"

.0 0.5·0 0
0

(a)V
>

-as 0.00.
0
M .Z= 38mm"0

.� -0.5 OZ= 50mm
0 .Z=75mm..r:
IU
> b.Z= 100mm.+:1 -1.0ell

Q) .Z= 200mm
e::.

OZ= 300mm
-1.5

0 200 400 600 800 1000 1200

Distance along X-axis (mm)
l.5

........._

� .... D.� 1.0� �. � � • • e �
....._"

02
0 0

>.
.....

·u 0.5
0
V
> I

.....

0.0 r
Q)

c..
0 (b)�

0
N -0.5 i·c
0

..c
Q)
> -1.0. .:;:
�

Q)
�

-1.5

0 200 400 600 800 1000 1200

Distance along X (mm)

Figure 7.18 Relative droplet horizontal velocity (Vd/U) for (a) 38 um droplets;
(b)70.5 !lID droplets along the X-axis at various stations along the Z-axis

(8003 nozzle, 275 kPa pressure, 15 km/h crosswind)

165



moved down quickly to the lower velocity zones because of their high initial vertical

velocity and the added push by the entrained air. During the travel, droplets decelerate

both in the vertical and in the horizontal directions. Near the nozzle, smaller droplets

traveled slower than larger droplets. Away from the nozzle, the smaller droplets had

negative vertical velocities indicating that the droplets were traveling upwards.

The normalized mean vertical velocities nearly collapsed on to a single CUIVe and

attained a similarity profile that is useful in modeling, as one would need a single

equation to describe the droplet mean velocity distribution. The mean droplet horizontal

velocity at all stations along the Z-axis leveled off to the free-stream velocity beyond

stream-wise distance (x) to axial distance (z) ratio of 0.4 while at a few measurement

locations, the droplet velocities were higher than the free-stream velocities.

Size-velocity correlation values are useful indicators of drift potential. At a z =

100 mm and at a pressure of 150 kPa, droplets at all locations along the X-axis, except

at the nozzle axis, were drift prone while at a pressure of 400 kPa the droplets beyond

x/z ratio of two were drifting. At z = 200 mm and at 150 kPa pressure, droplets at all

locations along the X-axis beyond x/z ratio of 1.0 were drifting while at 400 kPa

pressure, droplets at all locations along the X-axis beyond x/z ratio of 0.5 were drifting.

The behavior of droplets of two particular size classes (- 38 urn and 70 11m)

were also investigated and found that the smaller droplets were subjected to an increased

cross-flow effect.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 OVERVIEW

The available body of knowledge on studies related to the movement of droplets in

agricultural sprays released into a crosswind mostly deals with tracking the path of

individual droplets of known size (Thompson 1971: Goering et a1. 1972; Marchant

1977). The trajectories of these droplets were used to determine the distance traveled by

the droplets in the crosswind direction before they would deposit (Reichard et a1. 1992a;

Zhu et a1. 1994). This distance was termed as drift distance for a droplet under the given

environmental conditions. In many of these studies, it hal} been assumed that droplets of

one size from all agricultural sprays travel in a similar fashion in a given environment.

Based on the findings from such studies, the general conception has developed that

smaller droplets drift farther from the nozzle compared to the distance to which larger

droplets drift. This understanding has been reflected in simulation models and computer

programs that have been developed for estimation of drift potential (Reichard et a1.

1992a; Reichard et a1. 1992b; Zhu et a1. 1994; Zhu et a1. 1995; Hewitt 2000). This

concept has also been used as the basis for improvements in application techniques to

minimize the presence of smaller droplets in sprays. Some researchers have been critical

of this assumption and suggested that droplets may behave differently when studied as a

group (Happel and Brenner 1965; Goering et a1. 1972; Thompson and Ley
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1983; Longmire and Eaton 1992). A review of aerodynamics around jets in other fields

ofengineering presented in chapter 2 in this thesis helped support these suggestions.

In order to understand the behavior of droplets as a group in agricultural sprays

subjected to cross flow, experiments were conducted to study the size-velocity

characteristics of droplets. In the present study, various sprays were subjected to non

uniform crosswinds. Water sprays generated using flat fan nozzles were studied in the

presence of non-uniform crosswind, at an average speed of 5 km/h. Movement of the

droplets of various size groups in and downwind of the spray, released into the shear

layer of the crosswind, was documented and the driftability of the droplets was

determined. The effect of spray quality, variation in crosswind v�locity and operating

pressure on the size-velocity characteristics of the sprays was also studied. The drift

potential ofvarious droplet size groups in the spray at different downwind locations was

also established. The salient findings of this research are discussed in the following

sections.

8.2 DROPLETS IN THE WAKE OF SPRAY

The study of the velocities of droplets of different sizes downwind of the spray

from a flat fan nozzle (Teejet 8003) subjected to 5-km/h average crosswind indicated

the presence of a reverse flow in the wake region of the spray. The reverse flow

influenced the movement of droplets downwind of the spray sheet and the majority of

droplets at y = 0 were found near the Z-axis of the nozzle. The presence of reverse flow

helped confirm that the spray sheet acted as an obstruction to airflow as has been seen

in other studies (Moussa et al, 1977; Sykes et al. 1986). The spray quality was found to

affect the reverse flow and movement of the droplets in the wake region of the sprays
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close to the nozzle exit. Near the nozzle, a 'fine' spray (generated from Teejet 8001

nozzle) was more able to block the cross-flow than the 'medium' spray (generated from

Teejet 8003 nozzle). The reverse flow was stronger in case of the 'fine' spray and

moved droplets of all sizes back towards the nozzle axis, while in case of 'medium'

spray, only the small droplets were found traveling back. However, the reverse flow for

the 'fine' spray dissipated with increasing distance along the Z-axis while it persisted

further down for the 'medium' spray. The increase in crosswind velocity had a

considerable effect on the reverse flow and droplet movem.ent in the wake region of the

spray. As the crosswind was increased, the blockage and reverse flow were very much

reduced and the penetration of the cross flow into the spray increased. This may be

attributed to the facts that the sheet disintegrates rapidly as the crosswind or the liquid

Reynolds number increases. The velocity vectors at -the higher crosswinds (average of

15 and 25 km/h) indicated the development of flow struetures and the sweeping action

of the cross flow near the wind tunnel floor that pushed small droplets upward. At the

highest cross flow, the wind penetrated through the spray dragging both small and large

droplets. In the wake region of the spray and closer to the nozzle along the Z-axis,

blockage to the spray was greater and reverse flow was stronger at higher spray

operating pressures. With increasing distance along the Z-axis, the effect of blockage

and reverse flow had diminished at higher pressures, while it persisted at lower

pressures.

The studies of jets in crossflow have reported the presence of a pair of counter

rotating vortices shed from the edges of the jets (Sykes et a1. 1986; Coelho and Hunt

1989; Kelso et a1. 1996; Smith and Mungal 1998). It can, therefore, be speculated that
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the reverse flow that was observed in the wake region of the sprays in the present study

was the result of vortices formed at the edges of the spray. The vortices would move

small droplets at the edges of the spray towards the center of the spray while the reverse

airflow would move small droplets towards the nozzle axis in a direction opposite to the

cross-flow (Figure 8.1). In this study the backward movement of the small droplets at

the center of the spray was measured. One should note that the 'small' descriptor for the

droplets used in this discussion is a relative term. The actual droplet size range affected

by the vortices and the reverse flow would depend on the strength of the vortices and

the magnitude of the reverse flow. Larger droplets in the region of the spray near the

nozzle axis were found to travel downward with high vertical velo?ity. The air entrained
,

by these fast moving large droplets could be expected to contribute in carrying the

backward moving small droplets for deposit near the nozzle axis. This showed the

important phenomenon occurring in polydisperse sprays (under the conditions of the

study) that the large, less drift prone droplets assisted the small drift prone droplets to

deposit near the nozzle axis. This conclusion is supported by the higher concentration of

small droplets near the nozzle axis and close to the wind tunnel floor.

The above discussion indicated that the reverse flow caused by the vortices

could potentially affect the movement of droplets in the sprays. It helped return some of

the smaller droplets to the spray cloud, thus reducing the possibility for their drift.

However, the benefits of reverse flow diminished with an increase in crosswind

velocity, and with an increase in operating pressure. More importantly, since these

observations were limited to a single y-plane, an assessment of the total drift loss of

small droplets was not possible. It is, in fact, quite likely that vortices remove
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significantly greater numbers of droplets from the spray plume than they return, so their

net contribution could still favor an increase in drift. These observations nonetheless

highlight the need for consideration of the phenomenon ofvortices and reverse flow in

any effort to predict the drift from agricultural sprays. This also indicated the need to

thoroughly study the vortex structure and the reverse flow near the nozzle in order to

generate information for incorporating these effects into models for simulation droplet

dispersion. There were certain limitations in the present study that are discussed below.

In an earlier study (Young 1990), the vortices were reported to drag small

droplets from the center of the spray towards the edges of the spray sheet. The study,

however, did not present the size and velocity of the droplets in the spray or downwind
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of the spray. The conclusion on the vortices and drag of droplets was based on

collection of higher concentration of droplets at the edges of the spray, 1 m downwind

of the nozzle. In the present study, due to limited capabilities of the phase Doppler

particle analyzer and the wind tunnel, the droplet size and velocity were collected only

at the center of the spray (y = 0 in Figure 3.3). The vortices, as seen in other studies of

jets in crossflow, would be expected to originate at the edges of the jet (away from the

spray center along the Y-axis). The present data were not designed to test the conclusion

by Young (1990). However, the consistent presence of the reverse flow at the center of

the spray measured in this study, when reviewed in conjunction with the presence of

vortices in the wake of the jets (in previous studies as Sykes et �1. 1986; Coelho and

Hunt 1989; Kelso et a1. 1996; Smith and Mungal 1998), suggests that the point ofview

by Young (1990) be studied in more detail. "

As discussed in section 6.3, the vortices on the sides of the spray are expected to

get stronger with increased crosswind velocity. The data in the present study, however,

indicated that the reverse flow diminished with increased crosswind velocity, which can

be explained with greater penetration of the spray by the crossflow. This observation,

based on measurements at the center of the spray, cannot explain the fate of the vortices

at the edges of the spray. The effects of the changes in the structures of the vortices on

the movement of droplets in the spray are needed to be studied in detail. The results of

this study emphasized the important influence of the vortices on the movement of

droplets in the sprays and signified the need to study these vortices.
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8.3 SIZE-VELOCITY CHARACTERISTICS AND DRIFTABILITY

It was established earlier and was observed in the present study that the mean

vertical velocity of the droplets decreased and the mean horizontal velocity of the

droplets increased, after their formation near the nozzle. In the present research, it was

noted that deceleration rate for the same size of droplets in the vertical direction was

different in different sprays studied. The presence of larger droplets in the 'medium'

spray entrained more air, slowing deceleration of the smaller droplets in the vertical

direction compared to the same size" droplets in the 'fine' spray. Although, as discussed

before, the droplet velocities in the present study were recorded at the center of the

spray and the observation might not be valid for the rest of the spray, the results compel
,

one to suggest for reconsideration of the efforts to simply reduce the presence of smaller

droplets in the sprays. Instead, the greater use of coarse droplets to assist the drift-free

transfer offine droplets to their target is worthy of study (Chapple et a1. 1996, Chapple

et a1. 1997).

The deposit distances determined using droplet velocity vectors and droplet

number concentrations at various measurement locations in the 'medium' spray

subjected to 5 km/h crosswind indicated that vast majority of the droplets around the

central region of this spray were expected to be deposited within 0.5 m from the nozzle

axis. At the same time, a small number of droplets were projected to be blown up to 5 m

from the nozzle axis. The drift distance of similar sized droplets was about 20 % larger

when the droplets were emitted from a 'fine' quality spray than the drift distance of

droplets from a 'medium' quality spray.
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Reichard et al. ( 1992a) and Zhu et al. (1994) used computer simulation to

estimate deposit distances of different sizes of droplets under various uniform

crosswinds. Reichard et al. (1992a) estimated the deposit distance of 100-Jlm droplets

from 1.24 m to 1.86 m when these droplets were released with 20 mls initial velocity

into a 0.6 m wide wind tunnel section and 1.0 mls (3.6 kmJh) uniform wind speed. The

droplets were released at 0.5 m above the wind tunnel floor. Zhu et al. (1994)

determined the drift distance of 100 urn droplets as 0.67 m and 3.32 m when

droplets were released at 0.5 m above with 20 mls initial velocity into 0.5 mls (1.8

kmJh) and 2.5 mls (9.0 km/h) crosswinds, respectively. This study showed that the

..

majority of the droplets smaller than 100 um released 0.5 m ab�ve tunnel floor into

non-uniform crossflow (average 5 km/h) were expected to deposit within 0.5 m from

the nozzle axis. At the same time, some droplets rrtay deposit up to 5.0 m from the

nozzle axis. This indicated that droplets emitted from a polydisperse spray have very

different drift characteristics than individual droplets.

At a low operating pressure, drifting droplets were removed from the spray sheet

close to the nozzle while at a high pressure; droplets were removed from the spray sheet

at further distances down from the nozzle along the Z-axis. At the same time, reverse

flow was stronger in the wake of spray at higher pressure. The reverse flow in sprays at

high pressure dissipated with the increasing distance along the Z-axis while it persisted

further in sprays at lower pressure. The above conclusions can be explained by the fact

that sprays are finer at higher pressure than at the lower pressure for similar other

conditions (Equation 2.1).
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The study of droplet volume distribution at measurement locations in the

'medium' spray subjected to 5 km/h indicated that downstream of the nozzle axis, the

majority of droplets detected were smaller than 105-J.1m diameter. These droplets were

separated from the spray due to the crosswind and could be defined as the 'driftable'

droplet size for the operating conditions chosen in the study. It should not be understood

from the definition that all the droplets smaller than this size were drifting, just that no

droplets larger than this size were observed to be drifting. The driftable droplets for the

'fine' spray subjected to the same crosswind velocity were smaller than 78 J.1m When

the 'medium' spray was subjected to 5, 15 and 25 km/h average crosswinds, the

driftable size on the basis of data at all measurement locations, was determined to be

smaller than 105 J.1m, 210 J.1m and 300 J.1m, respectively.

8.4 CONCLUSIONS

The specific conclusions of the study are summarized as below:

• The reverse flow in the wake region of the 'fine' spray moved all sizes of

droplets back towards the nozzle axis, while only small droplets in the wake

region of the 'medium' spray moved backwards. In the 'fine' spray, the

reverse flow dissipated with the increasing distance along the Z-axis while it

persisted longer in the 'medium' spray. As the crosswind increased, reverse

flow ceased while the sweeping action of the wind at the bottom of the

spray pushed small droplets upward. Higher crosswinds (25 km/h),

penetrated through the spray, dragging small droplets along. At higher

pressures, the effect of blockage and reverse flow diminished with the

increasing distance along the Z-axis, while it persisted at lower pressures.
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• At the lowest crosswind (5 km/h), the majority of the droplets smaller than

100 um in 'medium' spray were expected to deposit within 0.5 m from the

nozzle axis while the majority of the droplets larger than 100 um were

expected to deposit within 0.3 m from the nozzle axis. At the medium

crosswind (15 km/h) almost all droplets smaller than 100 um drifted beyond

1.0 m while the majority of the droplets larger than 100 urn were expected

to deposit within 1.0 meter from the nozzle axis. At the highest 'crosswind

(25 km/h), all droplets smaller than 100 um drifted. The majority of droplets

between 100-200 um diameter were expected to deposit within l.5 m of the

nozzle axis while some droplets drifted further downwind. Droplets larger

than 200 um were expected to deposit within 0.8 m from the nozzle axis

except a small proportion ofdroplets that might drift further down.

• At a crosswind velocity of 5 km/h, the driftable droplet size in the middle of

the spray region for the 'fine' and 'medium' sprays was smaller than 78 um

and smaller than 105 urn, respectively. For the 'medium' spray, the driftable

droplet size increased with the increase in crosswind. In this spray, droplets

smaller than 105 um, 210 um and 300 um were found as the driftable

droplets at 5, 15, and 25 km/h, respectively.

• The mean droplet horizontal velocity at all stations along the Z-axis leveled

off to the free-stream velocity beyond an X/Z ratio of 0.4 while at a few

measurement locations, the droplet velocities were higher than the free-

stream velocities.
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• Size-velocity correlation coefficient is an important parameter to represent

the relative movement of the droplets of different sizes at a measurement

location in the spray. When analyzed in combination with droplet size and

velocities, it helped in determining the drift potential of droplets of different

sizes such as small droplets moving with high horizontal velocity and low

vertical velocity can be considered as drifting while small droplets with low

horizontal velocity and high vertical velocity can be considered as

depositing.

8.5 RECOMMENDATIONS FOR FURTHER WORK

The present research was limited to the study of droplet size and velocity

characteristics at the center of the spray (at y = 0 in Figure 3.3). Results showed the

presence of reverse flow at this position along the Y-axis and downwind of the spray

under many spray application conditions used in the study. It is suggested that the

reverse flow was a result ofvortices at the edges of the spray sheet. Based on the results

of this study and previous literature on the study of jets in cross-flow, it can be

suggested that vortices are largely responsible for observed velocity characteristics of

the droplets. Due to the limited scope of the present study, the whole account of the

effect of application conditions on the vortices and the effect of the vortices on

movement of the droplets could not be ascertained, although the available evidence

suggests that our knowledge of vortex action around spray sheets is incomplete. It is

therefore recommended that the three-dimensional structure of vortices be investigated

under a wide range of spray application conditions. This objective could partially be

achieved by studying the size and velocity characteristics of the droplets at other
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locations along the Y-axis, but essentially requires an instrument capable of the

simultaneous measurement of velocity vectors in three dimensions. It is possible that

the limited width of the present wind tunnel also has some effect on the speculated

vortices at the edges of the spray. It is therefore recommended that suggested studies

should be conducted in a bigger wind tunnel.
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APPENDIX I

Reduction in size of droplets due to evaporation

Measurement Initial diameter, um Elasped Final diameter, Diameter
location (x,z), (at x = 0, z = 50 time, (s) (um) (% of initial)

mm mm)
Crosswind 5 km/hr

0,100 37.7 0.008 35.3 93.6

100,200 37.7 0.045 24.7 65.5

50,100 103.5 0.004 103.0 99.5

100,200 103.5 0.008 102.0 98.6

0,100 202.1 0.005 201.0 99.5

25,100 202.1 0.015 200.0 99.0
Crosswind 15 km/hr

0,100 37.7 0.029 31.8 84.4

100,200 37.7 0.062 25.1
'

66.6

0,100 103.5 0.007 103.0 99.5

25,200 103.5 0.024 100.0 96.6

50,300 103.5 0.049 97.4 94.1

0,100 202.1 0.003 � 202.0 99.9

35,200 202.1 0.019 200.0 99.0

65,300 202.1 0.036
,-,

199.0 98.9

Crosswind 25 km/hr

0,100 37.7 0.003 37.6 99.7

100,200 37.7 0.017 34.6 91.8

0,100 103.5 0.005 103.0 99.5

20,200 103.5 0.015 101.0 97.6

40,300 103.5 0.031 99.2 95.8

0,100 202.1 0.004 202.0 99.9

20,200 202.1 0.013 201.0 99.5

35,300 202.1 0.024 200.0 99.0
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APPENDIXll

Velocities, velocity vectors and droplet concentration of selected droplet
sizes.
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