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Abstract

Traditionally, growers spray uniform applicationpEsticides over the target area
regardless of variations in pest infestationseltent years, variable rate application (VRA)
technologies have made it possible to apply pesscin variable rates across the field. In
pesticide application, nozzles play a vital rolegeneral, pesticides are applied using
conventional nozzles. Most conventional nozzley ¥law rates only over a 2:1 range when
operated within the recommended pressure rangéoduéxed spray orifice. Conventional
nozzles vary droplet sizes tremendously when therespeed and application rate changes which

results in inefficient application. Conventionalzates have limitations when used for VRA.

A new nozzle called Varitarget nozzle (U.S. Pat¢nt5,134,961) was developed and
marketed by Bui, (2005) to overcome the limitatianth conventional nozzles. Varitarget
nozzles have a variable orifice that changes & isizesponse to pressure changes, allowing
varying flow rates with a minimal change in drodete. Laboratory tests and field tests were
conducted to study the performance of Varitargeizteo Varitarget black/blue and clear/yellow

caps were evaluated in this study.

Lab studies were conducted to measure Varitargetickeristics compared to
conventional nozzles. The flow rate ratios of Vanget nozzle black and clear caps were 12:1
and 10: 1 while the conventional nozzles produtaa fate ratios ranging from only 3:1 to 4:1.
The measured flow rate of Varitarget nozzle blaot elear caps was similar to that published
by the manufacturer upto 40 psi and varied higfter 40 psi. Both Varitarget black and clear
cap nozzle was within the standard VMD requirements 40 psi and showed increasing trend
while the conventional nozzles matched the standdB requirements. The VT black and
clear cap nozzles showed better coverage at hpgkesures when compared to conventional
nozzles. CV values for VT black and clear cappexzles were less than 10 % which indicates
capability of good uniform distribution. Spray aegif 110 degrees for VT black and clear

capped nozzles was consistent over a range ofypesss



Field studies were also conducted to compare thigaviget to conventional nozzles. In
the varying speed study, droplet size varied fr@8 # 621 microns with a SD of 47.50 for VT
black nozzle and 465 to 599 microns with a SD 0084or VT clear cap nozzle as the speed
varied from 4 to 12 mph. In the varying applicatrate study, The droplet size varied from 432
to 510 microns with a SD of 27.84 for VT black nlezand 355 to 452 microns with a SD of
39.80 as the application rate varied from 4 to PAGIn both studies, the observed pressure

range required for spraying was minimum and vasieghtly.
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CHAPTER 1 - INTRODUCTION

1.1 Background

The application of crop protection products is@partant step in the growing of
agronomic crops. Traditionally crop protection prots are uniformly applied throughout the
field without considering spatial variability of weds. Thornton et al. (1990) proved that the
weeds are not distributed uniformly within cropdi® Blumhorst et al. (1990) reported that
herbicide application rate varies with soil proptlike pH, moisture content, and organic
matter. Hence applying the crop protection prosluctiformly results in over application,
wastage, environmental problems, off target dtift df herbicides are applied according to
spatial variability of weeds, crop production vk improved and herbicide waste will be
reduced (Johnson et al. 1995).

In recent years, variable rate application (VRA®ologies make it possible to apply
pesticides in variable rates across the field. Afde rate application (VRA) is a process of
application designed to reduce the amount of chamaigplied and improves efficacy and
effectiveness of chemical application through sgecific management practices (Vogel et al.

2005). Different VRA spray techniques are usedmalyaherbicides at various rates.

One VRA technique available is direct injectionteys. With this system, active
ingredient is injected into system downstream o&ger pump and prior to branching of
distribution hoses to the boom section and theegmyying crop protection products at variable
rates (Walker and Bansal, 1999). Koo et al. (198udihd that the transportation lag was 20
seconds when there is a step change. Tompkins(@©80) found that the transportation lag was
from 12 to 26 seconds. Qiu et al. (1998) found thatapplication errors for direct injection

systems were as high as 40%.

Another VRA technique is direct nozzle injectiorstgm which is similar to direct
injection system. Direct nozzle injection systenswaveloped to reduce the time lag which was



a major problem in direct injection system. In thystem, active ingredient is injected directly
into the nozzle housing. Rockwell and Ayers (19@6nd that the average transport lag was 3.8
seconds which was less but found that the distdhudf active ingredient to each nozzle was not
even. The direct nozzle injection system is compled requires additional pipeline and
plumbing.

Another VRA technique that can vary the applicatiate real time and on the go is
sensor based systems. These systems utilize sevisiclsare capable of measuring desired
properties such as soil properties, crop charatiesj weeds etc on the go (Daniel R. Ess et al,
2000 ). The measurements are then processed mputer and a signal is sent to the controller
which releases herbicide on the go. The main adgantf this system is that it doesn’t require
herbicide maps and differential global positiongygtems (DGPS). This system requires less
herbicide and drift issues are minimal when comghavigh conventional spraying system.
Rangwongkit et al. (2006) found that sensor teabgywbdecreases the herbicide quantity by
20.6%. Tian et al. (1999) found that 48% of hedecsaving was observed if 0.5% weed
coverage was used as control threshold. Yong Chaln @005) found that there was no
chemical drift when chemical is applied on weed$ase. The main limitation of this system is

high cost.

Another VRA techniqgue known as pressure based alosystem which uses same
equipment and configuration of a standard fielchger to vary application rates. (Walker and
Bansal, 1999). In this system, the flow rate isedby varying pressure and the application rate
(GPA) is varied. In general, the relationship betweressure and flow rate for a fixed orifice
nozzle is given by the following orifice equatioWglker and Bansal, 1999):

Q=V
Where:
Q = Flow rate from nozzle
K = Constant

P = Pressure



The above equation clearly shows that in ordeotdbte the flow rate, the pressure must
be increased four times for a fixed orifice nozx\éalker and Bansal, (1999) stated that large
pressure changes requires a more expensive pumge peessure changes will produce smaller
droplets which results in drift and causes envirental problems. Vogel et al. (2005) found that
at the point of transition between one treatmetat aad another, spikes of output up to two times
the prescribed amount occurred resulting in ovetiegtion and often higher than normal
pressure also resulted in drift. The limitationshmilow control and fixed orifice nozzles are well
recognized.

To overcome the above limitation of flow controiJ&s and Combo, (1990) developed
pulse width modulation (PMW) for intermittent flowontrol of conventional fixed orifice spray
nozzles. Each nozzle body was equipped with a tdreng, inline solenoid valve, which
operates at 10 to 15 Hz (Giles et al. 1996). Hséesn operates under the direction of a
computer and an application controller. The vasiain flow rate through the nozzle is achieved
by controlling the PWM duty cycle (Han et al. 200Ihe time the nozzle valve is open
compared to total open and closed time is refeext duty cycle (Giles, 1997). A flow control
range of over 10:1 was achieved under constangmsyptessure with modest changes in droplet

diameter and spray pattern (Giles, 1997).

Pierce and Ayers, (2001) found that 65 to 100 %dnemmtrol was observed at duty
cycles 25 to 100% for post emergence applicatiahl®9% weed control at all duty cycles for
pre emergence herbicide application. Gopala Ritlail. (1999) found that the flow rate was in
the ratio of 9.5: 1 without a significant changehe spray pattern. Han et al, (2001) found that
the flow rate changes due to inaccuracy of pressomé&oller ranged from 0.5 to 2.2%. Giles et
al. (2001) found that the pulsed spray retaineal 2 fold more kinetic energy at the same flow
rates when compared to pressure variation. Gdpilia et al. (1999) found that as the speed
increased and duty cycle decreased, spray unifpiaeitreased considerably along travel

direction.

So far we have discussed different variable rpfi@ation (VRA) techniques which use

a fixed orifice nozzle for spraying herbicides atigble rates. Most farmers currently use fixed



orifice nozzles for VRA. Typically fixed orifice rezles vary flow rates approximately over a 2:1
range when operated within a recommended presanger When the nozzle is operated out of
its recommended pressure range, there will beraaita change in droplet size and uniformity
of spray. High pressure results in drift and lowgsure results in large droplets. Conventional

nozzles with a fixed orifice also have limitatiomBen used for VRA.

A relatively new development in nozzle technologytvercome the limitations of a fixed
orifice nozzle is the development of the variabiéiae nozzle. Walker and Bansal, (1999)
developed a variable orifice nozzle with two tHatt fectangular plates joined along the long
sides and along one end. They noted that the #t&varied proportionately with a change in

the fluid pressure. They found that the small spragie was a limitation.

Womac and Bui, (2002) developed a variable flowrfanzle (VFFN). To vary the flow
rate, droplet size, and create a fan spray, thegl asplit—end meter plunger in a tapered sleeve
which served as a variable orifice. They found thatindependent control of liquid flow rate

and droplet spectrum was achieved by varying pressu

Bui, (2005) developed and marketed the Varitargetzte (U.S. Patent No. 5,134,961)
that is capable of controlling flow rate and maimitag optimum droplet spectrum over a range
of flow control. The Varitarget nozzle has a valeaérea spray orifice and a variable area pre-
orifice. Both orifices will vary during operatiodl@ving for varying flow rates without pressure
adjustments, thus keeping the droplet size optith&ed spray angle constant over the variation
in flow rate. Bui observed that the flow rate vdrieom 0.15 to 0.80 GPM as the pressure varies
from 15 to 50 PSI. He observed that the spray aisglé( and spray distribution was consistent
over the range of flow rate. The response timeHemrate change was found to be less than 0.25

seconds.



1.2 Varitarget nozzle

1.2.1 Description

The Varitarget nozzle is comprised of a sprayrtiptering assembly, diaphragm, spring
and a nozzle body (Figure 1.1 and Figure 1.2).3gray tip has a flexible spray orifice, the area
of which is controlled by a pair of levers. One @idhe metering assembly is a wedge which
controls the movement of the pair of levers. Thelgeeconsists of two metering groves at
various depths. The other end of the metering asisescoupled to a diaphragm and a spring
(pre orifice). The diaphragm is used to control ti@vement of the metering assembly through
the balance of liquid pressure and spring forcei,(B005)

Figure 1.1 Varitarget nozzle cross sectional view
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1.2.2 Spray tip or spray cap description

The Varitarget nozzle comes with yellow cap preslgumnamed as clear cap (medium
droplet spectrum), blue cap previously named asklidap (coarse droplet spectrum), orange cap
(fine droplet spectrum), and green cap (very codrsplet spectrum). In this study | will
evaluate the performance of black cap and clear cap

Important Note: Throughout this study, | will be using the terrear cap for yellow
cap and black cap for blue cap because the manuéachanged the name of the cap colors
during the study.

1.2.3 Operation

The pressurized liquid enters the nozzle body, $lthvough the metering grooves in the
metering assembly, and exits at the spray orifighe spray tip. When the position of the
metering assembly varies, the flow rate will alsoyv When the liquid pressure is less than the
spring force, the metering assembly moves towagdsnay orifice and flow rate decreases, and
when the liquid pressure is more than the sprimgefahe metering assembly moves towards pre
orifice and flow rate increases (Figure 1.2 )(RQ05)

Figure 1.2 description of Varitarget nozzle operathn
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1.3 Hypothesis

Most farmers use conventional nozzles in applymag grotection products for variable
rate application (VRA). Conventional fixed orifio@zzles have limitations such as; varying
flow rates only over a 2:1 range and large changesoplet spectrum when pressure, speed and
application rate changes occur. My hypothesisVadtarget nozzle will perform better while
making variable rate application (VRA) by maintaigia uniform droplet size range at various

spraying inputs compared to conventional fixedicsif

1.4 Objectives of this research

This study is to evaluate the performance of thet&f@et nozzle while adjusting various
application parameters associated with making kbeieate application (VRA). This will be
accomplished in laboratory studies by comparingaetarget nozzle with six commonly used
conventional spray nozzles and in field studiesutatmg variable rate application (VRA). The

following experiments will be used:

Lab studies

1. To compare the measured and reference flow r&téardarget nozzle (black
and clear caps), XR 8003, XR 11003, TT 11003, A3, Airmix 11003, ULD
12003 at pressures ranging from 10 to 110 psi.

2. To evaluate droplet charecteristics of Varitargetate (black and clear caps), XR
11003, TT 11003, TTI 11003, Al 11003, Airmix 110Q8,.D 12003 nozzles at
pressures ranging from 10 to 50 psi at a consfaeddsof 10 mph.

3. To measure the uniformity of spray distribution Yaaritarget black and clear
capped nozzles at pressures ranging from 15 tsb0 p

4. To measure the spray width and spray angle fortafget black and clear capped

nozzles at pressures ranging from 10 to 80 psi.

Field studies
1. To evaluate the droplet spectrum of Varitarget f@#zalack and clear caps) at
varying speeds ranging from 4 to 12 mph in increisien 2 mph while

maintaining a constant application rate (10 GPA).



2. To evaluate the droplet spectrum of Varitarget teo@alack and clear caps) at
varying application rates ranging from 4 to 12 GRAncrements of 2 GPA while

maintaining a constant speed.



CHAPTER 2 - REVIEW OF LITERATURE

2.1 Direct Injection

Direct injection is a technique that can be used/&wiable rate application to spray
active ingredient at a predetermined constant flas while varying the active ingredient on the
go. This system injects active ingredient downastref the sprayer pump and prior to branching

of the distribution hose to the boom section.

Qiu et al, (1998) developed site specific stratedpe applying herbicides based on soil
properties and crop yield potential, with a diregéction applicator. They developed a
simulation model using SLAM Il to evaluate the penhance of a direct injection sprayer used
for site-specific application of pre emergence fades in corn. The model used the agronomic
field data from the university research farm asitsp They developed a complement of system
parameters to reduce application errors. Resuis the model were input to GIS software to
generate herbicide application rate maps. Theyddhat the application errors for direct
injection systems were as high as 40%. They alsod that the rate change occurred after as

much as 80m of travel past the point of a step ghari the input command to the controller.

Anglund and Ayers, (2000) evaluated the field penfance of a ground sprayer at
constant and variable application rates with bodsgure-based and injection sprayer control
technology. They found that this produced an atewapplication rate within + 2.25% of the
desired rate. They found that in pressure-basadblarrate application, the transport lag was 2s
due to GPS signal lag and control valve resporgsenbere as the lag time for the injection-
based variable rate application ranged from 15®die to flow rate of the carrier ingredient.
Transportation lag or lag time is the time requit@dhange from one application rate to the
other.



2.2 Direct Nozzle Injection

Direct nozzle injection is similar to direct infean. In this case the active ingredient is
injected directly into the nozzle housing. Rockveaill Ayers, (1996) studied the spray patterns
using coefficient of variation (CV). They found the direct nozzle injection system did not
generate a good spray pattern. They also foundhbkatpray was not delivered uniformly to
individual nozzles. They also studied the timedad found that the time lag was 2.5 seconds.

Rockwell and Ayers, (1996) found that the lag tissignificantly reduced when the
direct injection nozzle is compared with direcextjon. They observed that in direct nozzle
injection, proper mixing of active ingredient witie carrier liquid reduced significantly. Direct
nozzle injection systems are more expensive thattdnjection systems because of additional

plumbing required to deliver active ingredient.

2.3 Sensor Based Spraying

Sensor based spraying systems utilize sensors \ahécbapable of measuring desired
properties such as solil properties, crop charatiesj weeds, etc., and apply ingredients at
varying application rates on the go and real tilRangwongkit et al. (2006) developed a tractor
mounted site-specific, real time herbicide appbcébr variable rate herbicide application
between sugarcane rows. They used a software baasgne vision system for quantified
greenness level to actuate the controllers of aygpmpump system. Pulse width modulation
(PWM) was used to vary the application flow ratealolyusting the duty cycle. They found that
the error of green color output from image proagggsvas about 0.31% at SD +0.25. The flow
rate accuracy was about 91.7%. They found thatelcisnology decreases the herbicide quantity
used by 20.6%.

Tian et al. (1999) developed and tested an autorsptayer controlled by a real time
machine vision system. Multiple video images wesedito cover the target area. Individual
nozzles were controlled separately to increaseracguThey identified weed infestation zones
(10 in X13 in) and tested to evaluate the effectivenesgandrmance under varying field
conditions. They found that 48% of herbicide sawas observed if 0.5% weed coverage was

used as control threshold.
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Yong et al. (2005) developed and tested an aguialltobot which could cut the weeds
and spray chemicals onto weeds automatically. réhet consists of a digital video camera, two
robotic arms, four wheels, a computer, and a radmdroller. They found that less chemical is
needed when chemicals were applied onto cut weeelslgl. They found that there was no

chemical drift when chemical is applied onto theed& cut surface.

2.4 Pulse Width Modulation (PWM)

PWM flow control has been used for variable ratédbiogde application. In this system,
the chemical and carrier are pre-mixed in a sioglgainer, and the nozzle flow is modulated by
intermittent operation of an electrically driveriesmid valve coupled to the inlet of the spray
nozzle (Han et al. 2001). Variation in flow rateahgh the nozzle is achieved by controlling the
PWM duty cycle.

Giles et al. (1990) developed a new variable rpf@ieation technique which is referred
to as pulse width modulation (PMW) which varies zleZlow by intermittent operation of an
electrical solenoid valve attached to the spraylelzody. By cycling the valve open and
closed, the flow rate through the nozzle is cofegtbin an analogous on/off manner. The valve is
cycled by means of an electrical signal consistihg square wave of variable duty cycle and
frequency. The nozzle can be pulsed at a seleatgddncy and the duty cycle is varied over the
range of operational limits to provide the desifled rate. They observed a 3:1 flow rate change
as they varied the duty cycle at different valveiation frequencies. They also found that the
spray pattern remained unchanged though the fleavctzanged considerably with changes in
the duty cycle.

Gopala Pillai et al. (1999) tested a pulse widtldailation system for site-specific
herbicide applications. The system has a flowiratbe ratio of up to 9.5 to 1 without a
significant change in the spray pattern. They olethat the droplet spectrum remained
constant for duty cycles 50% and 100% but changgtdficantly at 10% duty cycle. Response
delay was small and suitable for high-speed heatbiapplications. As travel speed increased and
duty cycle decreased, spray deposition uniformip@gthe direction of travel decreased
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substantially. They suggested that for high spggdi@ations, it would be desirable to modify

the controller for higher valve frequencies compgarethe current 10 Hz frequency.

Han et al. (2001) modified and tested a commesgedyer with 25 individual nozzles on
a 60-ft sprayer boom for variable rate applicatibme sprayer consisted of pulse-width
modulation (PWM) solenoids, a pressure controled a nozzle control system interfaced to a
computer. The system used high-resolution presonphaps derived from aerial images. They
found that the flow rate changes due to inaccuddtlie pressure controller ranged from 0.5 to
2.2 %. They also found that the flow rate controbes for valves ranged from —15 to 12% when

a single flow rate calibration curve was used.

D.K. Giles (2001) investigated the relationshipizstn droplet size and velocity,
cumulative momentum and kinetic energy of spraydtofrom fan nozzles operating at different
flow rates by changing pressure and pulse widthutatin flow control. They also tested the
spray cloud dynamics for flow control using convenal and pulsed with modulation
techniques. Laser doppler analysis was used tsiigege the size and dynamics of spray clouds
from nozzles operating continuously and intermitierThey found that the pulsing retained
more droplet velocity and kinetic energy withinaprThey also found pulsed spray retained 2 to

3 fold more kinetic energy at same flow rates wbempared to pressure variation.

Pierce and Ayers, (2001) tested the pulse widthutabidn technology and its
effectiveness on weed control from herbicides. Tioeyd that the nozzle flow rate variation
along the boom was less than 2%. The nozzle fleavwas approximately proportional to the
duty cycle setting with an error of 4% from thedretical uniform spray pattern along the boom.
They observed a range in weed control of 65 to 1@0#uty cycle settings of 25 to 100% for
post emergence herbicide application. Weed confrokarly 100% was observed in pre

emergence herbicide application at all duty cycles.

2.5 Variable Rate Orifice Nozzle

A relatively new development in nozzle technologyhe development of a variable

orifice nozzle. A variable orifice adjusts orifiseze during operation to obtain various flow
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rates. This design provide for variable flow rateiles keeping the droplet size optimized and

sprays angle constant.

Walker and Bansal, (1999) developed and testediable-orifice nozzle for variable
rate application. The nozzle is designed suchttiehozzle orifice changes as the fluid pressure
changes. They used two thin flat rectangular plgieed along the long sides and along one
end. Water is forced between two plates at higbgue so that the pressure deforms the plates,
thereby allowing water to come much like fan sp&gray was discharged through the opened
end. Flow rate depended on the width of the noptéde thickness, water pressure, metal
strength properties, and shape of the tip. Thegdttat the discharged flow rate linearly
increased as hydraulic pressure increased. Theyalsd that a small spray fan angle was a
limitation and noted that this nozzle could be usederial application.

Womac and Bui, (2002) developed a variable flowrianzle (VFFN) for variable rate
chemical application. A split end meter plungeaitapered sleeve served as a variable orifice
that varied the flow rate and droplet size andtecka fan spray. The fan spray exited at a right
angle to the plane of the slit. They tested thrE&N prototypes with spray angles of 500,
and 98. They found that the VFFN spray angle equaledaper angle of the nozzle sleeve at a
line pressure of 40 psi. They observed turndowio (8bw rate) for the 9®prototype to be 13 to
1 at certain parameters. Turndown ratio is the ratimaximum flow rate to that of minimum
flow rate. By adjusting the control pressure fronté 20 psi, the droplet spectrum DVO0.1,
Dv0.5, and DvO0.9 values were varied from 58 to @8€rons, 141 to 522 microns, and 300 to
850 microns, respectively. They found that the peaelent control of liquid flow rate and
droplet size spectrum was achieved by separatejynpline pressure and control pressure.

Bui, (2005) developed and marketed a new nozzle fiatv rate and droplet size control
capability. The design has a combination of a \det@area pre-orifice and a variable-area spray
orifice with both orifices varying flow during opson to obtain a variety of flow rates while
keeping the droplet sizes optimized and sprayseacmhstant. They observed that the flow rate
varied from .15 to .80 gpm, VMD of droplets varfeam 425 to 325 microns for systemic
pesticides and from 240 to 200 microns for conpasticides as the pressure varies from 15 to
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50 psi. They observed that the spray angle i$ 4@ spray distribution was consistent over the

range of flow rate. The response time to rate cbaigless than 0.25s.

2.5 Problems with conventional spraying systems arfiked orifice nozzle
For many years, fixed orifice (conventional) noszt@ve been and are continuing to be
used for spraying crop protection products. Fixefice conventional nozzles have problems

when there are application rate changes, prestargges and during speed changes.

Vogel et al. (2005) constructed and tested a comialbr available VRA sprayer with a
Raven SCS 440 sprayer controller, Compaq Ipaq 88%0Farmworks Farm Site Mate
Software, and a Trimble AgGPS 132 using Coast Goangction. The sprayer was calibrated
to center the 1.5 to 2.8m transition zone betweghaglls with different herbicide rates. They
found that the fast close valve which was usedimomatic product shut-off resulted in as much
as a 40 GPA over application. They also found #lhdlhe point of transition between one
treatment rate and another, spikes of output ahrasi¢wo times the prescribed amount
occurred resulting in over application and ofteghleir than normal pressure resulting in drift.

They summarized that the fixed orifice nozzles weo®nstraint for variable rate application.

Ruixiu Sui et al. (2003) interfaced a John Deer@d3prayer with a MidTech TASC

6300 variable rate, three-channel, spray contretlesy. Thirty-seven XR Teejet 8004VS spray
nozzles were spaced at 1.7 ft interval along thmrborhey measured the dynamic response of
the system. They found that the average delaywase38.3 seconds and an average rise time
was 65.9 seconds. They also found that the respgonsevaried with the speed but the product
of speed and response time remained almost con$tasy also found that the system took time
to achieve constant application rate when the egipdin rate varied from high to low than when
it varied from low to high.

Giles and Downey, (2001) evaluated the spray déposapplications for conventional
pressure based spray systems and pulse width ntiodusgstem at varying speed and varying
application rates. They used Case Tyler WT Paspoayer equipped with AIM Navigator GPS
system, Mid-Tech TASC-6000 spray rate controlled AM command blended pulse spray
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actuator systems. In the varying speed study, ¢pesition was tested at speeds ranging from 3
to 14 mph with a target application rate at 7GPAthWarying application rate study, the ground
speed was maintained constant at 12 mph and thieatpm rate prescription was changed from
5, 30 and 15 gpa at south, middle and north aretslad respectively. For the pressure based
spraying systems, TT 11003 and TT 11010 nozzles wsed for variable speed and variable

application rates studies respectively.

Results with the conventional pressure based spyasystems showed that at varying
speed conditions, there was less area coveredangrbund speed resulted in lower pressure. It
was also found that the 4:1 range of speed coektdeded the suggested pressure operating
range of the nozzles resulting in application eters as the field was being treated (Figure 2.1).
With the varying application rate study, they fouhdt the pressure varied largely which results
in varying droplet spectrum (Figure 2.2).

Figure 2.1 Pressure flow control system study witlkonstant application rate, variable
speed with TT 11003 nozzles
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Figure 2.2 Pressure flow control system study witkiarying application rate, constant speed
with TT 11010 nozzles
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CHAPTER 3 - LAB STUDIES — METHODS AND MATERIALS

3.1 Spray Track Machine

A spray track machine was designed and fabricatasthtulate actual field spraying
conditions to facilitate multiple treatments anglieations. The spray track has an aluminum bar
24 ft long which is supported on two tripods (Fig@:1). The aluminum bar can be adjusted to
different heights. The spray track machine haslactric motor and chain driven sprayer boom
(Figure 3.2). The electric motor is equipped withee sprockets that drive a chain to propel the
sprayer boom along the aluminum bar at 5, 10, 1b.mpe electric motor is controlled by a
switch which can direct the sprayer boom in a fodaa@ reverse direction along the aluminum
bar. The electric motor is equipped with a braketbp the spray boom at the end of track. The
sprayer boom has two nozzle bodies spaced 20 iragrees (Figure 3.3). Coupled to the nozzle
bodies are battery operated fast acting solendieesgFigure 3.4). The solenoid valves are
remotely controlled to activate the nozzles. Adilgpressure gauge was used to monitor
pressure (Figure 3.5). This spray track machinebeilused in the flow rate measurement study,
the droplet study and in the spray pattern anabtsidy.

Figure 3.1 Spray track machine
¥ |
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Figure 3.2 Electric motor and chain assembly
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Figure 3.5 Digital pressure gauge

3.2 Flow Rate Measurement Study
Accurate nozzle flow rate is important for efficieand effective crop protection
applications. As flow rate changes so will the antaaf material being applied. Nozzle orifice

size and spray pressure are key features affeittenfiow rate through nozzles.

A study was designed to measure the flow rategeoimg six conventional fixed
orifice nozzle designs and two newly designed \weiflow rate orifice nozzles. Flow rates of
each nozzle were measured at pressures rangingl®qgmsi to 110 psi at increments of 5 psi.
The nozzles were selected based on different desigiigurations. The XR 8003, XR 11003,
TT 11003, Al 11003 (Spraying Systems Co.), Airmb003 (Greenleaf Technologies), ULD
12003 (Hypro) nozzles were selected as conventiorel orifice designed nozzles. Varitarget

black and clear capped nozzles (Delavan AgSpraxe e variable rate designed nozzles.

3.2.1 Statistical design of experiment
For all the nozzle treatments, pressure was laidtant, eight nozzle treatments
were randomized, and flow rates were measured. BBetpressure and nozzle treatments were

randomized at each replication. Three replicatwwase done for each nozzle treatment.
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3.2.2 Procedure
This study was performed in the spray laboratoga{Gn 142) at Kansas State University
utilizing the sprayer boom on the spray track maehin stationary mode. For this study, one

nozzle body was used.

Water in a 5 gallon pressurized steel containerwgasl to measure the flow rates (Figure
3.6). The container was equipped with a 130 psiqfbpafety valve to allow for the high
pressure treatments. The container has an airexdaginected to the pressure regulator (Figure
3.7) which was connected to an air compressor wélgiplied the required pressure to complete
each treatment. The container has a spray adapteh v¢ connected to the nozzle body through
a spray hose. The desired pressure was set usimyebksure regulator and was monitored using
a DPG500 digital pressure guage. The desired nezddastened to the nozzle body of sprayer
boom. A calibration container was placed undemthzzle such that all of the spray from the
nozzle is collected in the container. On pressggremote control button, the nozzle starts
spraying. Spray was collected in the calibrationtamer for 15 seconds. Time was monitored
using a stop clock. The calibration container Bapaid was then weighed using an Ohaus CS -
2000 compact scale (Figure 3.8). The resulting inteddptained was recorded as grams per 15
seconds. The grams per 15 seconds was then cahtedallons per minute and recorded as the
flow rate obtained from each nozzle

Figure 3.6 Five gallon pressurized steel containavith spray adapter and air adapter
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Figure 3.7 Pressure relugator, scale used for flovate measurements study
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The flow rates obtained for all treatments from tivee replications were averaged.
Statistical analyses of the data were conducteld 84S 9.1 (SAS, 2003). The model used was
General Linear Model (GLM) procedure to analyzevfilate measurements by nozzle at various
pressures. The LS Means for each nozzle were tasttdsed to report the differences (alpha =
0.05) found for each nozzle treatments at varioasgures.

3.3 Droplet Measurement Studies

The importance of droplet size information in spmgycrop protection products has
increased considerably in recent years. Too stnafilets generally provide a good coverage
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but can drift away to other crops (Wolf, 2004). Tage droplets results in reduced coverage but
are not likely to drift. The goal is to select th@zzle that produces droplets that gives good

coverage while keeping drift to a minimum.

A study was planned to measure the critical drogeracteristics from several spray
nozzles. The characteristics measured were VDMD WDO.9, percentage area coverage
(PAC), droplets per square centimeter (D/SC), indagpan (RS). Droplet characteristics of
conventional nozzles with fixed orifice design andew variable rate application (VRA)
designed nozzles were compared. Eight nozzles seteeted based on different design
configurations. XR 11003, TT 11003, TTI 11003(SpmgySystems Co.,), Al 11003, Airmix
11003 (Greenleaf Technologies), ULD 12003 (Hypragzies were selected as conventional
fixed orifice designed nozzles. Varitarget blackl afear capped nozzles (Delavan Ag Spray)

were selected under variable rate designed nozzles.

In this study the droplet characteristics of eashzie were studied at pressures ranging
from 10 psi to 50 psi at increments of 10 psi aina eonstant speed of 10 mph. Droplet scan
software was used for the analysis of droplet attarstics on water sensitive papers (WSP)
(Syngetna, 2002). One limitation of droplet scaftveare is that it becomes less ineffective in
studies of this type above 10 GPA. Based on tmgdiion, the pressures for each nozzle
treatment were also limited to a maximum of 50gosthat the application rate of each nozzle
doesn’t exceed 10 GPA.

3.3.1 Statistical design of experiment
For all the nozzle treatments, pressure was heldtaat and eight nozzle treatments were
randomized and droplets were measured. Both thlespre and nozzle treatments were

randomized at each replication. Three replicatiwase done for each nozzle treatment.

3.3.2 Procedure

This study was performed in the spray laboratoga{@n 142) at Kansas State University
utilizing the spray track machine (Figure 3.1). Bpeay track machine was described earlier.
For this study, the 10 mph speed was chosen. Tlagespboom has two nozzle bodies spaced 20
inches apart that are controlled by a solenoidevaltsich was operated by a battery operated
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remote control. Pressure for each treatment wagemtaising air compressor which is located in
laboratory. The desired pressure was regulatetidopressure regulator and was monitored
using a DPG500 digital pressure guage. Water wed insthis study to measure the droplet
spectrum. Water was placed in the 0.52 gallon prgissure (140 psi) spray bottles (Figure 3.9)
and attached to the spray boom to complete ths.tria

Figure 3.9 High pressure spray bottle used in study

Water sensitive paper (WSP) was used as collefaiodyoplets. A total of twelve water
sensitive papers were clipped on a wooden boarel widoden board was then placed on a table
and was placed under the aluminum bar (Figure 3TI® height of the aluminum bar was
adjusted so that the distance between the nozdléhanwater sensitive papers was 18 inches.

The cards were placed on the wooden block in a noal@rder under the aluminum bar.
For each treatment, the selected nozzle and peesss chosen. The remote control activated
the spray boom and the boom was passed over tlee saisitive papers (Figure 3.11). After
drying the water sensitive papers were placedgredabeled sealable bags. To prevent
contamination from high humidity, a desiccant pae@s placed in each bag to prevent the papers
from absorbing additional water. After all treatrteeand replications were completed, the

prelabeled sealeable bags were stored for latéysana
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Figure 3.10 Wooden board and table placed under thaluminum bar of spray track
machine

Figure 3.11 Water sensitive cards after spraying

Varita rget
(clear) 50 psi

3.3.4 Analysis

Droplet Scan TM version 2.3 (WRK of Arkansas, LkepAR; and WRK of Oklahoma,
Stallwater, OK; Devore Systems, Inc., Manhattan) W&s used to analyze the water sensitive
papers. Droplet Scan TM has been tested as aleetiabrce of predicting droplet stain
characteristics when compared to other card readetyhods (Hoffman, 2004). Water sensitive
cards were placed on the bed of scanner in a agdeollected. The droplet scan software
performs a high resolution scan of each card irotder kept on the scan bed. Once the scanning
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is complete, the data is written to the disk asoplet list file (DLF) file. The droplet scan
software generated composite results VDO0.1, VMDOMD percentage area coverage (PAC) and
number of droplets on each card. All these datawepied to Microsoft Excel and the
information was used to calculate droplets per sgjaantimeter and relative span (RS). Relative
span is a measure of the range of droplet sizégimid eighty percent of the droplet size
spectrum (I.W.Krik, 2003).The relative span (RSykwalculated as follows (Womac et al.,
2002)

(VD09-VDO.)
VMD

RS =

Where:
RS is relative span
VDO0.9 is the diameter for which 90%vofume is contained in smaller particles
VDO0.1 is the diameter for which 10%vofume is contained in smaller particles
VMD is volume mean diameter
The VMD, percentage area coverage (PAC), dropletsguare centimeter (D/SC),
relative span (RS) obtained for the eight diffenemzzles at different pressures from three

replications were averaged.

Statistical analyses were conducted for D/SC an@ Bging SAS 9.1 (SAS, 2003). The
model used was general linear model (GLM) procetiuenalyze droplet characteristics by
nozzle at various pressures. The LS means for maxtle were tested and used to report the
differences (alpha = 0.05) found for each noz&atinents at various pressures.

The VMD was analyzed by comparing average VMD otgdifrom each nozzle tested to
that of the measured VMD ranges based on manutastudroplet sizing charts. The droplet
categories and color codes are based on the ASA&BKI&d S-572 (Table 3.1). RS was
analyzed by comparing the average RS values olot&iom different nozzles. The closer the RS
value to one, the more uniform the droplet sizérithigtion which indicates a smaller variance
from the maximum droplet size (VDO0.9) to the minmmdroplet size (VDO0.1) (Denesowych,
2005)
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Table 3.1 ASABE standard S-572 droplet classificain

Droplet Category Color Symbol  VMD (micron)
Very Fine red VF <150

Fine orange F 150-250
Medium yellow M 250-350
Coarse blue C 350-450
Very coarse green VC 450-550
Extremely coarse  white XC >550

3.4 Spray Pattern Studies

A uniform spray pattern along the sprayer boonmigartant for achieving a good
distribution of crop protection product across file&. The spray pattern includes spray angle
and spray distribution along the sprayer boom. IMogpacing, spray angle, and spray height
determine the spray area. A nozzle spacing of @@as, spray height of 14-20 inches, spray

angle of 110 degrees are considered optimal faadwast applications. (Bui, 2005).

A study was designed to measure the uniformitypodg distribution (Figure 3.12) and
spray angle (Figure 3.15) for Varitarget black alehr capped nozzles. The uniformity of liquid
distribution was measured using coefficient of aaoin (CV). The CV is a statistical method for
determining spray uniformity of nozzles acrossspey boom. The lower the CV value the
better the distribution quality. (Spraying Syste@ts 1999). For this study, the CV’s of each
nozzle were measured at pressures of 15, 20, 36046si. Three replications were done for
each nozzle treatment. The spray angle was cadcllat measuring the width of each nozzle at

pressures ranging from 10 psi to 80 psi. Two regibkms were done for each nozzle treatment.
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3.4.1 Uniformity of Spray Distribution

3.4.1.1 Procedure

This study was performed in the spray laboratoga{@n 142) at Kansas State University
utilizing a spray table. The spray table is showfigure 3.12. The spray table was built by Dr.
Wolf (KSU). The spray table is a big tool box equegd with an electric pump, pressure
regulator, and booms. The boom has three, 4-posititating nozzle bodies. The nozzle bodies
are spaced 20 inches apart. The boom is clampeasition using boom rods. The boom has two
pressure gauges at the left and right sectionseobdom to monitor pressure. Boom control
valves are used to control the flow and pressure.
Figure 3.12 Spray Table

3.4.1.2 Operation

A pattern check (40x30 inches) manufactured by BRikdd_C was used to collect and
measure the spray pattern. The pattern check wrshioFigure 3.13. The pattern check consists
of twenty-three 2-inch wide and 3.5 cm deep unillgrpositioned V-shaped gutters. The pattern
check was placed on the top of the box base anch h@ight was adjusted by adjusting boom

clamps so that the nozzle was approximately 18asetbove pattern check.
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Figure 3.13 Pattern check used for measuring unifanity of spray distribution
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The desired nozzles were affixed to the three mozatlies. The system was primed by
switching the pump to the ‘ON’ position. Boom caitvalves were adjusted to a setting so that
the desired pressure was developed in the systane the desired pressure was maintained and
the nozzle was spraying, the pattern check wacsthand placed horizontally under the
nozzles (Figure3.14). The pattern check was pléme80 seconds at pressures of 15 and 20 psi
and for 15 seconds at pressures of 30, 40 andi5Uhmspattern check was tilted vertically and
the height of the water collected in the twentyeth¥/-shaped gutters was measured using a
ruler. The water in the pattern check was then dadrigack into the tool box and additional
treatments were completed. The heights obtained the twenty-three V-shaped gutters for
black and clear cap nozzles at different presduoes three replications were averaged. Using
an Excel spreadsheet, the average, standard devatd coefficient of variation (CV) were
calculated. CV is calculated using the followingnmila (Krishnan et al. 2001)

Cv=S/X

Where:

X = Average volume of twenty- three V-shaped gutters
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S= Standard deviation of the volumes of the totahbar V shaped gutters within the

target area for a test.

Figure 3.14 Pattern check placed on the spray tablehile spraying
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3.4.2 Spray Width and Spray Angle

The effective spray width and spray angle of Vagiéa black and clear capped nozzles
was measured utilizing the spray track machine. @mzzle body of the sprayer boom was used
for this study. Two pattern checks manufacture®bgball, LLC were joined together and
placed under the nozzle at a height of 19 inchehawn in Figure 3.15. The pattern checks
were positioned under the nozzle such that theecefithe nozzle matches the center of the
pattern check (Figure 3.16).
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.Figure 3.15 Two pattern checks attached and pladaunder the nozzle boom to measure

spray width

Figure 3.16 Pattern check was placed such that tleenter of the nozzle matches the center
of pattern checks
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Water was placed in the 0.52 gallon high presspraysbottles and attached to the spray
boom. The desired pressure was set using the peasgulator and was monitored using a
DPG500 digital pressure guage. The nozzle wasrfaedt® the nozzle body of the sprayer boom.
Spray from the nozzle was collected for 30 secatgsessures of 10 to 30 psi and 15 seconds
at pressures of 40 to 80 psi. The pattern checkitad vertically and the width of the spray
collected in the V-shaped gutters was measuredasialer. Each measurement was repeated
two times. The width obtained for black and clesp nozzles at different pressures from two
replications were averaged. The spray angle wasileékd using spray coverage calculator from
AutoJet Technologies website (http://www.autojehéechcenter/coverage_calculator.asp)
(Figure3.17) and was cross checked with simpletagnetric equations.

Figure 3.17 Schematic diagram of measurement of |gy angle
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CHAPTER 4 - FIELD STUDIES — METHODS AND MATERIALS

4.1 Evaluation of Droplet Characteristics at Varyirg Speeds

Crop protection product manufacturers are begintongcommend droplet sizes for
specific applications on their labels. The appbcdtas to control the droplet size category
created by the sprayer during application. In gainepray rate controllers are used to maintain a
constant application rate (GPA) despite changepéed. If we change the speed, the rate
controller has to adjust flow rate to maintain astant application rate (GPA). The relation
between application rate, flow rate and nozzle isgggis given by

Flowrate(gal / min)x Speed (mph) x Nozz espacing(inches)
549(

There are two ways in which the nozzle flow rate ba changed, either by changing

Application rate (GPA) =

operating pressure or orifice size (Bretthauer 420 the case of conventional nozzles, the
orifice size is fixed and the droplet sizes vagmendously as the pressure changes. Thus,
conventional nozzles have limitations when speethghs. The Varitarget nozzle has an orifice
that changes its size in response to pressure ebaalipwing it to provide a wide range of flow
rates with a minimal change in droplet size. Thiada support this characteristic would be
useful for the application industry as we seek waysake variable rate applications in a more

efficient and safe manner.

A study was planned to measure droplet charadteyist Varitarget black and clear
capped nozzles at various spraying speeds ranging4 mph to 12 mph at increments of 2
mph. The treatments were planned to deliver a eohspray volume of 10 gallons per acre

(GPA). Each nozzle treatment was replicated thineed at the different speeds.

This study was done on 06/01/07 from 10:00 AM @02PM in the parking lot at Bill
Snyder Family Football Stadium located on Kimbalefiue, Manhattan, KS. The study area is
shown in Figure 4.1 A Kubota (M 9000) tractor ( K Corporation) was used for spraying. A
commercially available pressure-based sprayer wad in this project. The sprayer was
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attached to the tractor as shown in Figure 4.2.spnayer was equipped with a 150 gallon tank
and 25 ft three section boom. The sprayer booniBathree-position nozzle bodies spaced at 20
inches. A Ravan SCS 440 automatic sprayer contnols used to set and maintain the desired
application volume. The Ravan SSC 440 consistsocoingputer based control console, a speed
sensor, a turbine type flow meter, a motorized rwialve and three section boom controls. The
console was mounted in the tractor cab. The rgoedssensor was mounted to the frame of
sprayer. The standard butterfly control valve, bammmtrol valves and flow meter were installed
on sprayer according to factory specifications.

Figure 4.1 The study area for field studies
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Figure 4.2 Sprayer with 25ft boom attached to theractor and ready for spraying

4.1.1 Operation

The sprayer tank was filled with water and theiMaget nozzle caps were affixed to the
nozzle bodies on the sprayer boom. Four wooderkblaere placed under the left and right
booms and 2 wooden blocks were placed on the mhmzben as shown in Figure 4.2. The
wooden blocks were placed in such a way that theeysp will be driven in the direction of wind
through out all the treatments. The height of fr@ager boom was adjusted to be 20 inches
above the wooden blocks. Water sensitive papers affixed to the paper clips on the wooden
blocks. The Raven SCS 440 was programmed to ddliv&PA for all treatments (Target
GPA). Prior to driving the sprayer through the w=irse, the sprayer was driven to determine
the gear and throttle setting to maintain the prgpeed while keeping the rpm’s reasonable to
run the pump. Once the desired speed was maintaimetdoom sections are turned on and
sprayer was driven across the test area sprayitigeowater sensitive papers as shown in Figure
4.3. The temperature, wind speed, relative humidlityng each treatment are given in Table 4.1
The actual GPA delivered during the treatment, qaresrequired to complete the treatment,
engine RPM generated at different speeds are givé€able 4.2. Each treatment was replicated
three times and all the treatments were randomideel water sensitive papers were allowed to
dry for some time and then placed in prelabeledbbéabags for preservation. Because of a high

humidity risk, a desiccant pack was placed in dagnto prevent the paper from absorbing
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additional water. After all treatments and repiizas were completed, the prelabeled sealable
bags were placed in envelopes and stored forat@ysis using DropletSch

Figure 4.3 Sprayer spraying on water sensitive casl

Table 4.1 Temperature, wind speed, relative humidyt at each speed for Varitarget black
and clear capped nozzle

black cap
Speed | Temp RH Wind Speed
(mph) | (F) (%) (mph)
4 77.00 58.50 7.33
6 77.33 56.00 5.13
8 77.00 58.33 4.70
10 79.00 58.00 3.13
12 77.00 57.67 4.53
clear cap
Speed | Temp RH Wind Speed
(mph) | (F) (%) (mph)
4 79.00 54.67 1.90
6 79.00 57.67 3.93
8 79.33 57.67 5.63
10 78.67 56.00 3.93
12 80.00 58.67 4.90

35



Table 4.2 Application rate delivered, pressure whé spraying and engine RPM at each
speed for Varitarget black and clear capped nozzle

black cap
Speed (mph)| GPA deliveredPSI @ Spraying RPM
4 9.67 27.33 2100
6 10.00 25.67 1600
8 10.00 26.67 2100
10 10.00 30.67 1700
12 10.00 30.67 2100
clear cap
Speed (mph) | GPA deliveredPSI @ Spraying RPM
4 9.67 26.00 2100
6 10.00 24.67 1600
8 10.00 29.33 2100
10 10.00 30.00 1700
12 10.67 33.33 2100

4.1.2 Analysis
Droplet Scaf version 2.3 (WRK of Arkansas, Lonoke, AR; and WBkOklahoma,

Stallwater, OK; Devore Systems, Inc., Manhattan) W&s used to analyze the water sensitive

papers. Similar procedure as used in section 8334t VDO0.1, VMD, VDO0.9, PAC, D/SC, RS
values was used in this study also.

Statistical analyses were conducted for D/SC, PAIGBQUSAS 9.1 (SAS, 2003). The
model used was general linear model (GLM) procetiuenalyze droplet characteristics by
nozzle at various pressures. The LS means for maxtie were tested and used to report the

differences (alpha = 0.05) found for each noz&atinents at various speeds.

RS was analyzed by comparing the average RS vahtasied from the two nozzles.
The VMD was analyzed by comparing average VMD atgdifrom each nozzle to that of the
measured VMD ranges based on manufacturers’ dreglieig charts. The droplet categories and
color ranges from VF to XC are from the ASABE startlS-572 (Table 3.1)
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4.2 Evaluation of Droplet Characteristics at VaryingApplication rates (GPA)

Varying application rates of crop protection proiutas the potential to improve both
agronomic and environmental aspects of crop praaiuct he application rate of the field
sprayer is given by

Flowrate(gal / min)x Speed (mph) x Nozz espacing(inches)
549(

From the above formula, changing application rate lee achieved by changing sprayer

Application rate =

travel speed or by changing flow rate from the hezzn the case of conventional nozzles,
changes in speed or changes in nozzle flow ratdtsaa drastic change in droplet spectrum.
Varitarget nozzle is a nozzle that is designed aintain the same droplet spectrum despite the
change in speed or change in flow rate. The Vadtianozzle must be evaluated for its droplet

spectrum at varying application rates.

A study was planned to measure droplet clawatics of Varitarget black and clear
capped nozzles at various application rates rarfgomg 4 to 12 GPA at increments of 2 GPA.

Each nozzle treatment was replicated three times.

This study was done on 06/06/07 from 1:45 PM t®3M in parking lots of Bill Snyder
Family Football Stadium located on Kimball Aventgnhattan, KS. Kubota tractor and
sprayer, Raven automatic rate controller and atb#ings which were used in the varying speed
study was used in this study also. The descriptidrisactor and rate controller and other

settings are given in section 4.1.

4.2.1 Operation

The same procedure used in the varying speed §sedtion 4.1) was used to lay wooden
blocks and place water sensitive papers. The R&@&$ 440 was programmed to deliver the
desired GPA. Prior to driving the sprayer through test course, the sprayer was driven to
maintain the required GPA. Once the desired GPAm@stained, the sprayer was then driven
over the wooden blocks and sprayed on the wateitsencards as shown in Figure 4.3 The
temperature, wind speed, relative humidity duriaghetreatment is given in Table 4.3 The

sprayer traveling speed during the treatment, presgequired to complete the treatment is given
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in Table 4.4 The water sensitive cards are allotwedty and then placed in prelabeled sealable
bags for preservation. Because of high humidity @oténtial contamination, a desiccant pack
was placed in each bag to prevent the paper frmorbimg additional water. After all treatments
and replications were completed, the pre labelathbke bags were placed in envelopes and

stored for later analysis.

Table 4.3 Temperature, wind speed and relative hurdity at each speed for Varitarget
black and clear capped nozzle

Black Cap
GPA| Temp °F) | RH (%) | Wind Speed (mph)
4 86.67 24.33 2.47
6 87.33 23.33 3.03
8 88.33 23.33 1.37
10 86.67 24.33 1.50
12 87.67 23.67 3.20
Clear Cap
GPA| Temp (°F) | RH (%) | Wind Speed (mph)
4 90.00 26.67 2.03
6 90.33 24.33 2.00
8 88.00 24.33 2.83
10 88.33 24.67 1.60
12 88.33 26.33 1.87

Table 4.4 Speed of the tractor and pressure whilgpgaying at each application rate for

Varitarget black and clear capped nozzle

Black Cap
GPA Driven Speed (mph) | PSI @ Spraying
4 7.90 19.33
6 7.60 23.00
8 7.70 22.00
10 7.70 22.00
12 7.63 25.00
Clear Cap
GPA Driven Speed (mph) | PSI @ Spraying
4 7.97 23.67
6 7.67 23.00
8 7.70 24.33
10 7.80 28.00
12 7.70 29.33
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4.2.2 Analysis
Similar analysis procedure that was used for ¥aeying speed’ study (section 4.1.2) to
evaluate VMD, PAC, D/SC and RS was used in thidystu
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CHAPTER 5 - RESULTS AND DISCUSSIONS — LAB STUDIES

5.1 Flow Rate Measurement Study

Flow rate measurements of the Varitarget nozzlecfphnd clear caps) along with six

conventional nozzles at different pressures ranfyomg 10 to 110 psi were compared. The

results are presented in Table 5.1. Significaifieidinces in flow rates were found among the

compared nozzle treatments.

Table 5.1 Flow rates of eight nozzles at differergressures

Pressure Flow rate (gal/min)
(psi) |VT black|VT clear|XR 8003 XR |TT 1003 Al AM ULD 12003
11003 11003 | 11003
10 0.09 0.07 0.14 | 0.13"° | 0.12° | 0.13°° | 0.14° 0.11°
15 0.14 01% | 017 | 0.18° | 0.18 | 0.17° | 0.18" 0.18
20 0.1 0.13 | 0.19° | 0.19° | 0.19° | 0.19° | 0.2¢° 0.22
25 0.18° | 0.16 | 0.27%° | 0.19° | 0.2 | 0.2%° | 0.2 0.22
30 0.23 0.19 | 0.25° | 0.25° | 0.26° | 0.24° | 0.28 0.25°¢
35 0.26°° | 024 | 0.26°° | 0.27° | 0.27° | 0.258° | 0.28 0.25°¢
40* 0.33° | 033 | 0.2¢8 028 | 028 | 027 | 0.29° 0.27
45 048 | 042 | 029" | 029" | 028 | 0.3F | 0.30° 0.31°
50 049 | 043 | 031 | 0.32% | 0.32% | 0.34 | 0.32° 0.37¢
55 0.67 054 | 0.35° | 0.33° | 0.3 | 0.35% | 0.33° 0.35
60 072 | 059 0.35 0.3f | 034 | 0.36 0.35 0.36
65 0.78 066 | 036° | 0.35° | 0.34 | 0.37 0.40 0.37
70 082 | 068 | 037 | 040 | 0.36 | 0.38% | 0.40 0.38¢
75 0872 | 072 | 038 | 0.4r | 03¢ | 0.38% | 0.40° 0.40¢
80 097”7 | 079 | 0.39° | 0.43F | 0.40 | 0.40° | 0.40* 0.3¢
85 094 | o0.80@ 0.4C 044 | 040 | 04T 0.42 0.42
90 099 | 087 0.44 044 | 044 | 043 0.43 0.44
95 1.¢° 0.82 0.45 045 | 045 | 0.44 0.44 0.45
100 1.0 | 0.86 0.46 045 | 0.46 | 0.45 0.47F 0.45
105 1.03 | 0.9 0.46 046 | 0.4 | 0.46 0.47F 0.47F
110 1.09 0.92 0.46 047 0.48 | 047 0.48 0.48

Means with same letters are not significantly diffeent

* Factory rated flow rate for each fixed orifice nozle at 40 psi should be equal to 0.30gpm.
Also seen in Table 5.2.
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Flow rates of Varitarget black and clear nozzleseeafrom 0.09 to 1.09 gal/min and
0.07 to 0.92 gal/min as pressure varied from 1Q@&iL0 psi. Flow rates of XR 8003 varied
from 0.14 to 0.46 gal/min, XR 11003 varied from3®tt 0.47 gal/min, TT 11003 varied from
0.12 to 0.48 gal/min, Al 11003 varied from 0.13td7 gal/min, Airmix 11003 varied from 0.14
to 0.48 gal/min, ULD 12003 varied from 0.11 to Ogi8/min as the pressure varied from 10 to
110 psi. Figure 5.1 compares the average flow @tegined by eight different nozzles. It was
observed that the flow rates of Varitarget blac#t elear nozzles were similar to the flow rates
of other nozzles until 40 psi and varied signifitahigher after 40 psi.

Figure 5.1 Flow rate measurements of eight nozzles different pressures

Flowrates of eight nozzles at different pressures

1.20

1.00 { -

0.80

0.60

0.40

Flow rate (gal/min)

0.20 4

Pressure (psi)

—e— Varitarget (Black) —a— Varitarget (Blue) XR 8003 ——TT 11003
—e— Al 11003 —+— AirMix 11003 —— ULD 12003 XR 11003

Differences were found when evaluating the measilogdrate and comparing it to the
calibrated flow rate which was based on the publishiozzle manufacturers’ flow rate charts.

The manufacturers’ flow rate charts for each nozf@esented in Table 5.2
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Table 5.2 Manufacturers flow rates for each nozzle

Varitarget (black) Varitarget (clear) XR 8003 XR 11003
Pressure |flow rate | Pressure|flow rate | Pressure| flow rate | Pressure | flow rate
16 0.15 15 0.1 15 0.18 15 0.18
25 0.2 27 0.15 20 0.21 20 0.21
32 0.3 30 0.2 30 0.26 30 0.26
35 0.4 32 0.25 40 0.3 40 0.3
38 0.5 34 0.3 50 0.34 50 0.34
41 0.6 38 0.4 60 0.37 60 0.37
44 0.7 42 0.5
47 0.8 47 0.6
60 1 55 0.7
65 1.2 65 0.8
85 1.5 90 1
100 1.2
TT 11003 Al 11003 Air Mix 11003 ULD 12003
Pressure |flow rate | Pressure|flow rate | Pressure| flow rate | Pressure | flow rate
15 0.18 30 0.26 15 0.18 15 0.18
20 0.21 40 0.3 20 0.21 20 0.21
30 0.26 50 0.34 30 0.26 30 0.26
40 0.3 60 0.37 40 0.3 40 0.3
50 0.34 70 0.4 50 0.34 50 0.34
60 0.37 80 0.42 60 0.37 60 0.37
75 0.41 90 0.45 80 0.42 70 0.4
90 0.45 100 0.47 90 0.45 80 0.42
90 0.45
100 0.47
115 0.51

The published manufactures flow rates for Varitaldatk nozzle varied from 0.15 to 1.5
gal/ min as the pressure varied from 16 to 85Tse actual measured flow rates of Varitarget

black nozzle were close to that of manufacturesiftates until 40 psi and varied after 40 psi.

(Figure 5.2) The maximum flow rate obtained in audy was 1.09 gal/min at 110 psi.

According to manufacturer, this nozzle should aghi&.09 gal/ min at 60 psi.

The published manufactures flow rates for Varitagear nozzle varied from 0.1 to 1.2 gal/
min as the pressure varied from 15 to 100 psi. Theaameasured flow rates of Varitarget clear
nozzle were relatively close to that of manufacdyreblished flow rate chart until 40 psi and

varied a little after 50 psi (Figure 5.3). The nmaxim flow rate obtained in our study was 0.92
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gal/min at 110 psi. According to manufacturersthozzle should achieve 0.92 gal/ min at 90
psi.
Figure 5.2 Measured flow rate and manufacturers pulished flow rate of Varitarget black

nozzle
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Figure 5.3 Measured flow rate and manufacturers pulished flow rate of Varitarget clear

nozzle
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The actual measured flow rates of XR 8003, XR 1100311003, Al 11003, Airmix 11003,
and ULD 12003 nozzles proved to be close to th#tenozzle manufactures published flow
rates. Figure 5.4 shows the manufactures’ flowsand actual measured flow rates for each of
the six different nozzles.

Figure 5.4 Measured flow rate and manufacturers pulished flow rate for six conventional

nozzles at different pressures
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Differences were found when evaluatimg tirndown ratios of flow rates. Turn down
ratio is the ratio between measured maximum andhmaim flow rates (Womac et al., 2002).
There was a significant difference observed betWwé&sitarget (black and clear caps) and
remaining six nozzles. The turndown ratio of Vangget black and clear capped nozzles
werel3:1 and 10:1 respectively. The turn down rafti¥R 8003 was 3.2:1, XR 11003 was
3.5:1, TT 11003 was 4:1, Al 11003 was 3.61, AirmiXQ3 was 3.42:1, and ULD 12003 was
4.36:1 respectively.

5.2 Droplet Measurement Studies

Droplet characteristics of Varitarget (black anglaclcaps), XR 11003, TT 11003, TTI
11003, Al 11003, Airmix 11003 and ULD 12003 weralgaed and compared at pressures
ranging from 10 to 50 psi at increments of 10 psi at a constant speed of 10 mph.
DropletScafi" was used to measure and compare the droplet ¢thaséics such as VMD,
percentage area coverage (PAC), droplets per sgaateneter (D/SC), relative span (RS). A

copy of Droplet scan software report is attachethenAppendix A

Using water sensitive paper as the collector, figant differences were found among
the compared nozzle treatments. The measured VMBdatd VMD range and droplets

sizing/color for each nozzle at pressures rangiognf10 to 50 psi are presented in Table 5.3

An interesting comparison was found when evaluatiegmeasured VMD obtained from
DropletScan™ and comparing it to the standard droplet spedtiadividual nozzles which was
based on the nozzle manufacturers’ droplet sizivagts and the ASABE S-572 droplet spectra
classification system (Table 3.1).The measured VME® ({® 476 microns) for VT black nozzle
was within the standard VMD range until 40 psi ahdwed an increasing trend after 40 psi. The
measured VMD (284 to 410 microns) for VT clear nezazhs within the standard VMD range
until 30 psi and showed an increasing trend afdeps3. The measured VMD (327 to 353
microns) for XR 11003 nozzle was not within thenstard VMD range at all pressures tested.
The measured VMD ( 387 to 478 microns) for TT 1100&zte@was within the standard VMD
range at 10, 30 and 40 psi and was out of standslid range at 20 and 50 psi. The measured
VMD (480 to 647 microns) for Al 11003 nozzle wag mathin the standard VMD range at all
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pressures. The measured VMD (419 to 573 micronshkbrl 1003 was within the standard
VMD range at all pressures. The measured VMD (432tbmicrons) for ULD 12003 nozzle
was out of the standard VMD range at 10 psi anfliwgtandard VMD range at remaining
pressures. The measured VMD (532 to 681 microns) Tér11003 nozzle was out of the
standard VMD range at 10, 40, 50 psi and withind#ad VMD range at 20 and 30 psi. The
measured VMD for TTI 11003 nozzle showed an decngasend as the pressures increased.
Figure 5.5 shows the measured VMD and Standard YaMiQe for each nozzle at different

pressures.
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Table 5.3 VMD, Droplet size/color and VMD range foreight nozzles at different

pressures

Treatment PSI VMD Droplet size/color VMD range (Microns)*

10 442 Coarse 350 450

20 359 Coarse 350 450

VT Black 30 365 Coarse 350 450

40 408 Coarse 350 450

50 476 Coarse 350 450

10 334 Medium 250 350

20 284 Medium 250 350

VT Clear 30 289 Medium 250 350

40 377 Medium 250 350

50 410 Medium 250 350

10 347 Medium 250 350

20 375 Medium 250 350

XR 11003 30 328 150 250

40 327 150 250

50 353 150 250

10 478 450 550

20 408 450 550

TT 11003 30 387 Coarse 350 450

40 389 Coarse 350 450

50 401 Medium 250 350

10 647 Extra Coarse 550 650

20 548 450 550

Al 11003 30 514 450 550

40 480 450 550

50 484 450 550

10 573 550 650

20 486 450 550

AM11003 30 461 450 550

40 419 450 550

50 456 450 550

10 681 Exta Coarse 550 650

20 626 Exta Coarse 550 650

TTI1 11003 30 566 Exta Coarse 550 650

40 534 Exta Coarse 550 650

50 532 Exta Coarse 550 650

10 624 450 550

20 523 450 550

ULD 12003 30 461 450 550

40 431 Coarse 350 450

50 444 Coarse 350 450

* Minimum and maximum VMD range as per ASABE S-572droplet spectra classification

system for each nozzle
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Figure 5.5 Measured VMD and standard VMD range foreach nozzle at different pressures
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A critical indicator for good nozzle performancewabe represented by percentage area
coverage (PAC). Higher PAC indicates potentialnfmre material on target with potential for
better pest control. The PAC for VT black and clegpped nozzle ranged from 3.5 to 27.1% and
3.1to 26.6% as the pressure varied from 10 psbtpsh. The PAC for XR 11003 ranged from
5.9t018.6%, TT 11003 from 4.1 to 15.2%, Al 110G81fr5.1 to 12.1%, Airmix 11003 from 4.9
to 15.9%, ULD from 5.5 to 14.5% and TTI from 2.7%8% as pressure varied from 10 to 50
psi. VT black and clear capped nozzles have high€r @llowed by XR 11003, TT 11003,

Airmix 11003, ULD 12003, Al 11003, TTI 11003.

The statistical analysis results of PAC for the emgtrzles treatments at different
pressures are reported in Table 5.4. PAC for TTI 3M8s the lowest among all the nozzles at
different pressures. There was no significant déffiee observed among the nozzles until 40 psi.
At 50 psi, VT black and clear capped nozzles sigaiftly differed from other nozzles. (Figure
5.6)

Table 5.4 Percentage area coverage for eight nozzlat different pressures

Treatment 10 psi 20 psi 30 psi 40 psi 50 psi

VT black 3.5¢ 5.5 9.8 16.2° | 27.F
VT clear 3.1¢ 5.5 9.3° 17.2 26.6'
XR 11003 5.9 10.6' 13.8¢ | 15.6 18.6
TT 11003 4.1 6.8 9.6’ 12.4 | 15.2°
Al 11003 5.7 6.7 9.1 9.9 12.1¢

Airmix 11003| 4.9 7.5¢ 9.9 11.7 15.9°¢

ULD 12003 5.8° 8.0 10.2 11.5 14.5¢
TT111003 2.9 4.9 7.1° 7.1° 9.¢¢

Means with same letter arensignificantly different
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Figure 5.6 Percentage area coverage for eight noeszlat different pressures
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Another good indicator of good nozzle performarscthe number of droplets placed on
the target. DropletScafY' reports the number of droplets counted in the sceaned. Thus
transforming the number of droplets into droplets gguare centimeter (D/SC) provides a basis
for comparison. D/SC for VT black and clear capperztes ranged from 17 to 264 D/SC and
34 to 328 D/SC as pressure varied from 10 to 500pSIC for XR 11003 ranged from 54 to 221
D/SC, TT 11003 from 17 to 125 D/SC, Al 11003 fromt@%7 D/SC, Airmix 11003 from 14 to
105 D/SC, ULD from 12 to 75 D/SC and TTI from 6 tb B/SC (Table 5.5).

The statistical analysis results of D/SC for eigbtzies treatments at different pressures
are reported in Table 5.5. At 10, 20, 30, 40 p&,XR 11003 nozzle placed most droplets with
54, 103,164,173 D/SC. At 50 psi VT clear capped leoglaced most droplets with 328 D/SC.
At all pressures, TTI 11003 placed least numberopléts. All nozzle treatments were not
significantly different at 10 and 20 psi with theception of XR 11003. As the pressure
increased from 30 to 50 psi, VT black, VT clear arRl XL003 nozzles produced significantly
higher D/SC to that of TT 11003, Al 11003, AirmixQB3, ULD 12003 and TTI 11003 nozzles
(Figure 5.7)
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Table 5.5 Droplets per Square centimeter for eightozzles at different pressures

Treatment | 10 psi 20 psi 30 psi 40 psi 50 psi|
VT black 17 41° 8% 119 264
VT clear 34 73 140 156’ 328
XR 11003 54 103 164 173 227
TT 11003 17 41° oFf 97 125
Al 11003 13 18 29" 41 57°¢
Airmix 11003| 1% 26" 46 78 105
ULD 12003 15 21° 39° 57 75°%
TTI 11003 6 8 20° 219 31°

Means withrae letter are not significantly different

Figure 5.7 Droplets per Square centimeter for eighhozzles at different pressures
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The results of RS are presented in Table 5.6. TheoR®afritarget black and clear
capped nozzles ranged from 0.845 to 1.047 and QB85 as the pressure increased from 10
psi to 50 psi. The RS for XR 11003 ranged from 0.@78.044, TT 11003 from 0.882 to 1.056,
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Airmix 11003 from 0.772 to 0.974, Al 11003 from @8/to 0.93, ULD 12003 from 0.716 to
0.946, TTI 11003 from 0.653 to 0.927 as the presgamied from 10 psi to 50 psi. (Figure 5.7)
The RS gradually increased for all the nozzles apthssure increased.

It was observed that the RS for TTI 11003, Al 11088mix 11003 and ULD 12003
nozzles (manufactured to produce bigger drople&s) ss than 1. The minimum RS observed
was 0.653 for ULD 12003 at 10 psi and maximum RS @875 for TT1 11003 at 40 psi. The
RS for VT black cap, VT clear cap, XR 11003, TT 11002zles (manufactured to produce
smaller droplets) was around 1. The minimum RS ofeskwas 0.883 for TT 11003 at 10 psi
and maximum RS was 1.087 for VT clear capped naazi® psi. (Figure 5.8)

Table 5.6 Relative Span of the eight nozzles at thfent pressures

Treatment 10 psi 20 psi 30 psi 40 psi 50 psi
VT black 0.845 0.718 1.019 0.999 1.047
VT Clear 0.954 0.952 1.000 1.006 1.085
XR 11003 0.973 0.979 1.044 1.02 1.044
TT 11003 0.882 0.958 1.055 1.046 1.05p
Al 11003 0.778 0.868 0.878 0.901 0.93
Airmix 11003| 0.772 0.890 0.938 0.0075 0.974
ULD 12003 0.716 0.860 0.885 0.975¢ 0.946
TT111003 0.653 0.713 0.811 0.8749 0.92f
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Figure 5.8 Relative span for the eight different nozles at different pressures
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5.3 Spray Pattern Studies

The coefficient of variation (CV) and spray angldlw Varitarget black and clear
capped nozzles were measured. CV values up to @ %onsidered as acceptable coverage
(Huseyin Guler et al., 2006). The CV was measurgutessures ranging from 15 psi to 40 psi
and the spray angle was measured at pressuresgdngin 10 psi to 80 psi. The results of CV
for Varitarget black and clear capped nozzles azsgnted in Table 5.7 and Table 5.8. The

results of spray angle are presented in Table 5.9
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Table 5.7 Height of spray in inches in each colleat at different pressures and CV values

for Varitarget black capped nozzle

Pressure
Troughs| 15 PSI| 20PSI| 30PSI| 40PSi
1 2.4 2.7 2.9 3.5
2 2.4 2.9 3.1 3.7
3 2.7 3.1 3.1 3.8
4 3.2 3.4 3.2 3.9
5 3.1 3.3 3.3 4.0
6 2.8 3.1 3.3 4.0
7 2.8 3.2 3.4 4.0
8 3.0 3.2 3.5 4.0
9 3.1 3.2 3.5 3.9
10 2.8 3.0 3.3 3.8
11 2.6 3.0 3.3 3.8
12 2.6 3.2 3.4 3.9
13 2.7 3.4 3.2 3.6
14 2.9 3.4 3.1 3.4
15 3.0 3.4 3.2 3.6
16 3.0 3.3 3.1 3.7
17 2.7 3.0 3.1 3.8
18 2.9 2.9 3.0 3.9
19 2.9 2.8 2.9 3.9
20 2.5 2.9 2.9 3.7
21 2.3 2.8 2.8 3.6
22 2.3 2.5 2.8 3.5
23 2.3 2.5 2.7 3.4

* Refer to discussion from sian 3.4.1.2 for calculating CV
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Table 5.8 Height of spray in inches in each colleat at different pressures and CV values

for Varitarget clear capped nozzle

Pressure
Troughs| 15psi | 20psi| 30psi| 40 psi
1 2.3 2.4 2.3 3.5
2 2.3 2.5 2.4 3.8
3 2.4 2.6 2.4 3.8
4 2.8 2.7 2.4 3.9
5 2.8 2.8 2.4 3.9
6 2.7 2.8 2.4 3.8
7 2.6 2.8 2.4 3.9
8 2.6 2.8 2.4 4.0
9 2.6 2.9 2.4 4.0
10 2.7 2.8 2.4 4.0
11 2.8 2.8 2.4 4.0
12 2.6 2.8 2.5 4.0
13 2.3 2.5 2.5 4.0
14 2.4 2.6 2.5 3.9
15 2.6 2.8 2.5 3.9
16 2.6 2.6 2.4 3.8
17 2.4 2.5 2.5 3.7
18 2.4 2.6 2.5 3.8
19 2.5 2.7 2.4 3.8
20 2.7 2.9 2.4 3.7
21 2.7 2.9 2.3 3.6
22 2.5 2.6 2.3 3.5
23 2.3 2.4 2.2 3.5

* Refer to discussion from section 3.4.1.2 for calllating CV
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Table 5.9 Spray width, and spray angle for VT blackand VT clear capped nozzles

measured at spray height of 19 inches

VT Black Capped Nozzle VT Clear Capped Nozzle
PSI Width®(inches) Angleb PSI Width (inches)| Angle
10 51 107 10 42 96
20 54 110 20 45 100
30 54 110 30 54 110
40 54 110 40 54 110
50 54 110 50 54 110
60 54 110 60 54 110
70 56 112 70 54 110
80 58 114 80 54 110

a. width was measured using ruler
b. spray angle was calculated using spray coveragalculator from

AutoJet Technologies website

5.3.1 Uniformity of spray pattern
The CV values of VT black capped nozzle varied friidrto 4.9% as the pressure varied
from 15 psi to 40 psi. (Table 5.7). The highest @\10% was observed at 15 psi and least CV
of 4.9% was observed at 40 psi. It was observeiieaCV decreased as the pressure increased

from 15 psi to 40 psi.

The CV values of VT clear capped nozzle varied f@fto 4.5% as the pressure varied
from 15 psi to 40 psi. (Table 5.8). The highest €\6.6% was observed at 15 psi and lowest CV
of 3.4% was observed at 30 psi. It was observetiieaCV decreased as the pressure increased

until 30 psi and the CV increased at 40 psi.
5.3.2 Spray width and spray angle

The spray width for VT black capped nozzle ranfyech 51 to 58 inches as the pressure
varied from 10 to 80 psi. The spray angle variemnfrl07 to 114 degrees as the pressure varied
from 10 to 80 psi.. The spray angle was 107 atsiOspood constant at 110 degrees from 20 to
60 psi, increased to 112 and 114 degrees at pesssti70 and 80 psi.
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The spray width for VT clear capped nozzle ranigech 42 to 54 inches as the pressure
varied from 10 to 80 psi. The spray angle varietnf96 to 110 degrees as the pressure varied
from 10 to 80 psi The spray angle was 96 degre#® pti, 100 degrees at 20 psi and was
constant at 110 degrees for the remaining pressures
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CHAPTER 6 - RESULTS AND DISCUSSIONS — FIELD STUDIES

6.1 Evaluating droplet characteristics at varying peeds

Droplet characteristics of Varitarget black andacleapped nozzles were analyzed and
compared at speeds ranging from 4 to 12 mph ireinents of 2 mph. DropletScahwas used
to measure and compare the droplet charactergims as VMD, percentage area coverage
(PAC), droplets per square centimeter (D/SC), indagpan (RS).

The critical measured droplet statistics and stahdamparisons based on nozzle
manufacturers droplet sizing charts and the ASABE/ 3 droplet spectra classification system
(Table 3.1) for each nozzle at speeds ranging #dm12 mph are presented in Table 6.1. The
measured VMD for Varitarget black capped nozzleyeahfrom 621 to 498 microns with a
standard deviation (SD) of 47.50 as the speeddémen 4 to 12 mph. The measured VMD for
VT black capped nozzle was not within the standédvtD range for coarse droplet spectrum
(350 to 450 microns) (Figure 6.1). What we can auhe from the data is that the measured
VMD for the VT black capped nozzle was within stardlVMD range for very coarse droplet
spectrum (450 to 550 microns). The measured VMDHerVaritarget clear capped nozzle
ranged from 599 to 465 with a SD of 54.08 as tleedpvaried from 4 to 12 mph. The measured
VMD for the VT clear capped nozzle was not withie standard VMD range for medium
droplet spectrum (250 to 350 microns) (Figure 6/2hat we can conclude is the measured
VMD for VT clear capped nozzle was within stand&MD range for coarse droplet spectrum
(350 to 450 microns). (Table 3.1)
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Table 6.1 VD 0.1, VMD, VD 0.9, PAC, Droplets/SqCnRelative Span, Droplet spectrum, VMD range for Vartarget black and
clear capped nozzle at speeds ranging from 4 mph i@ mph

VT Black
Speed | Pressur¢g VDO.1 VMD VD 0.9 PAC D/SC RS Droplet simmlor [ VMD range (Microns)
4 27.33 318 621 871 37 712 1.94 Coarse 350 450
6 25.67 303 527 743 | 23.9 69 1.72 Coarse 350 450
8 26.67 280 498 701 | 19.9 68 1.75 Coarse 350 450
10 30.67 283 518 730| 216 77 1.80 Coarse 350 450
12 30.67 299 532 756 | 23.8 108 1.74 Coarse 350 450
SD=47.50
VT Clear
Speed | Pressur¢g VDO.1 VMD VD 0.9 PAC D/SC RS Droplet simmlor [ VMD range (Microns)
4 26 326 599 847 | 36.6 91° 1.83 Medium 250 350
6 24.67 265 496 705 | 24.0 92 1.85 Medium 250 350
8 29.33 255 472 685 | 23.5 8 1.82 Medium 250 350
10 30 242 465 679 | 22.0 104° 1.88 Medium 250 350
12 33 274 519 750 | 27.8 125 1.85 Medium 250 350
SD = 54.08

Means with same letter are not significantly diffeent
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Figure 6.1 Measured VMD and the ASABE standard (mifmum and maximum) VMD

range for Varitarget black capped nozzle at variouspeeds
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Figure 6.2 Measured VMD range and the ASABE standat (minimum and maximum)

VMD range for Varitarget clear capped nozzle at varous speeds
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The results of PAC are presented in Table 6.1.AA€ for VT black capped nozzles
ranged from 21.6 to 37.5% as the speed varied #oonl2 mph. The PAC for VT clear capped
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nozzles ranged from 22.0 to 36.6% as the speedd/&om 4 to 12 mph. The PAC for
Varitarget black capped nozzle at 4 mph variedisagmtly higher from the remaining speeds.
The PAC for Varitarget clear capped nozzle at 4 wgoired significantly higher from the
remaining speeds. It was observed that both thele®have similar PAC. (Figure 6.3)

Figure 6.3 Percentage area coverage for Varitargdtlack and clear capped nozzles
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The results of D/SC are shown in Table 6.1 D/SC/D black capped nozzle ranged
from 71 to 108 D/SC as speed varied from 4 to 18.mM@¥SC for VT clear capped nozzle ranged
from 91 to 125 D/SC as speed varied from 4 to 1A.npe D/SC for Varitarget black capped
nozzle at 12 mph varied significantly higher frame remaining speeds. The D/SC for Varitarget
clear capped nozzle at 10 and 12 mph varied signifly higher from the remaining speeds.
The D/SC for the Varitarget clear capped nozzle mvger than the D/SC for Varitarget black

capped nozzle at each treatment speed.(Figure 6.4).
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Figure 6.4 Droplet per square centimeter for Varitaget black and clear capped nozzles
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The results of RS are presented in Table 6.1Th&oR®aritarget black capped nozzle
ranged from 1.72 to 1.94 as the speed varied fronpHd to 12 mph. The RS for Varitarget clear
capped nozzle ranged from 1.82 to 1.85 as the spertl from 4 mph to 12 mph. It is observed

that there is not much variation among the RS wafaeboth the nozzles.

6.2 Evaluation of Droplet characteristics at varios application rates

Droplet characteristics of Varitarget black andacleapped nozzles were analyzed and
compared for variable application rates rangingifebto 12 GPA in increments of 2 GPA.
DropletScafh* was used to measure and compare the droplet ¢hastics such as VD 0.1,
VMD, VD 0.9, percentage area coverage (PAC), dtsger square centimeter (D/SC), and

relative span (RS).

The measured VMD, standard VMD range based ondbel@ manufacturers droplet
sizing charts and the ASABE S-572 droplet spedassdication system, droplets sizing/color
for each nozzle at application rates ranging frotm 42 GPA are presented in Table 6.2. The

measured VMD for Varitarget black capped nozzleyeahfrom 432 to 510 microns with a SD of
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27.84 as the application rate varied from 4 to PAGThe measured VMD for VT black capped
nozzle was within the standard VMD range at 4 GRéA w&as not within the standard VMD
range at remaining application rates for coarseldtspectrum (Figure.6.5). From the Figure we
can conclude that the measured VMD for VT blackpespnozzle was within standard VMD
range for very coarse droplet spectrum. The medsuikD for Varitarget clear capped nozzle
ranged from 355 to 452 with a SD of 39.80 as th@iegtion rate varied from 4 to 12 GPA. The
measured VMD for VT clear capped nozzle was ndbiwithe standard VMD range for medium
droplet spectrum (Figure 6.6). From the Figure @e conclude that the measured VMD for VT

clear capped nozzle was within standard VMD ramgedarse droplet spectrum (table 3.1).
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Table 6.2 VD 01, VMD, VD 09, PAC, Droplets/SqCm, Rative Span, Droplet spectrum, VMD range for Varitarget black and
clear capped nozzle at application rates ranging &m 4 GPA to 12 GPA at increments of 2 GPA

GPA Pressure] VD 0.1 VMD | VDO.9 PAC D/SC RS Droplet sizestor | VMD range (Microns)
4 19.33 233 432 506 | 8.9 39 1.84 Coarse 350 450
6 23.00 249 479 699 | 20.7 68 1.90 Coarse 350 450
8 22.00 236 469 673 18.7 77 1.96 Coarse 350 450
10 22.00 233 470 682 17.9' 65 1.97 Coarse 350 450
12 25.00 258 510 734 22.9' 712 1.93 Coarse 350 450

SD =27.84

VT Clear
GPA |Pressurqg VD0.1f VMD | VDO.9 PAC D/SC RS Droplet sizedtor | VMD range (Microns)

4 23.67 197 355 542 | 11.2 67° 1.78 Medium 250 350
6 23.00 237 427 630 18.5' 107 1.78 Medium 250 350
8 24.33 215 419 620 | 18.3 86 1.92 Medium 250 350
10 28.00 221 452 655 | 22.8 110 2.00 Medium 250 350
12 29.33 222 452 672 23.3 149 1.99 Medium 250 350

SD =39.80

Means with same letter are not significantlgifferent
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Figure 6.5 Measured VMD range and the ASABE standat (minimum and maximum)

VMD range for Varitarget black capped nozzle at varous application rates
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Figure 6.6 Measured VMD range and the ASABE standat (minimum and maximum)

VMD range for Varitarget clear capped nozzle at vaious application rates
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The results of PAC are presented in Table 6.2.AA€ for VT black capped nozzles
ranged from 8.9 to 22.9% as the application rateegtdrom 4 to 12 GPA. The PAC for VT clear
capped nozzles ranged from 11.2 to 23.3% as tHecappn rate varied from 4 to 12 GPA. The

65



PAC for both the nozzles was similar (Figure 6THe PAC for Varitarget black capped nozzle
at application rate 4 GPA varied significantly lavle®m the remaining application rates. The
PAC for Varitarget clear capped nozzle at applaratate 4 GPA varied significantly lower from
the remaining application rates.

Figure 6.7 Percentage area coverage for Varitargdtlack and clear capped nozzles at
different application rates
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The results of D/SC for Varitarget black and clegpped nozzles are presented in Table
6.2. D/SC for VT black capped nozzle ranged fromid@3®1 D/SC as application rate varied from
4 to 12 GPA. D/SC for VT clear capped nozzle rangech 67 to 149 D/SC as application rate
varied from 4 to 12 GPA. The D/SC for Varitargetidk capped nozzle at application rate 4 GPA
varied significantly lower from the remaining amaltion rates. The D/SC for Varitarget clear
capped nozzle at application rate 4 GPA variedifsogmtly lower from the remaining
application rates. The D/SC for Varitarget clegvmed nozzle was higher when compared to the

D/SC for Varitarget black capped nozzle (Figure.6.8
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Figure 6.8 Droplets per square centimeter for Vatiarget black and clear capped nozzles at

different application rates
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The results of RS for Varitarget black and clegpeal nozzles are presented in Table
6.2. The RS values for Varitarget black nozzle eahfjom 1.84 to 1.93 as the application rates
varied from 4 to 12 GPA. The RS for Varitarget cleapped nozzle ranged from 1.78 to 1.99 as
the application rates varied from 4 to 12 GPAslbbserved that the Varitarget clear capped

nozzle has higher RS values as compared to th&artarget black nozzles.
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CHAPTER 7 - CONCLUSIONS

7.1 Lab Studies

7.1.1 Flow rate measurements
Flow rates of eight different nozzles were measuatguessures ranging from 10 psi to
110 psi at increments of 5 psi. The flow rateslbhazzles were similar up to 40 psi with the VT

black and clear capped nozzles having significamtijner flow above 40 psi.

When compared to the manufacturers published fedest both the Varitarget nozzles
were similar up to 40 psi but were higher afteip4Dwhile the conventional nozzle flow rates
were similar to that of their respective manufaetsmpublished flow rate charts throughout the

complete test range.

The turndown ratio of the Varitarget black and clegpped nozzles were 12:1 and 10: 1
while the other nozzles produced a turndown rati®. b to 4:1. A significant difference was
observed between Varitarget nozzles and conventimzazles. The higher ratio for the VT black

and clear capped nozzles is desirable when comnsideariable rate application.

7.1.2 Droplet measurement studies

Droplet characteristics of eight different nozzg¢gressures ranging from 10 psi to 50
psi were analyzed. The measured VMD for VT (blac#t elear) capped nozzles was within
standard VMD ranges until 40 psi and showed areasing trend after 40 psi. The measured
VMD for XR 11003 nozzle did not match the standeMD range. The measured VMD for
ULD 11003, TT 11003, Al 11003, TTI 11003 was withine standard VMD ranges.

PAC for VT (black and clear) capped nozzles vatiethendously with the increase in

pressure when compared to the remaining nozzlesl&dk and clear capped nozzles were
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significantly different to the other nozzles af#€r psi. VT black and clear capped nozzles

showed a better coverage at higher pressures vamepared to conventional nozzles.

D/SC for VT (black and clear) capped nozzles, XRQBLnozzles increased
tremendously with the increase in pressure. D/S&Toblack, VT clear, XR 11003 nozzles was

significantly different to that of remaining nozglat all pressures.

The RS for VT (black and clear) capped nozzleswezs one. With one being the goal,
then the VT black and clear capped nozzle are deresil to have a uniform droplet size
distribution. The RS for Airmix 11003, ULD 110037111003, Al 11003 nozzles was below

one and not as quite as uniform.

7.1.3 Spray pattern studies

7.1.3.1 Uniformity of Spray distribution

The CV for the VT black capped nozzle decreasdti@pressure increased from 15 to
40 psi. The CV values were observed less than O#eapressure varied. Thus, the VT black
nozzle has a very good uniformity of distributiddl the CV values were less than 10 % and the

VT clear nozzle has a very good uniformity of daation.

7.1.3.2 Spray width and spay angle

The spray angle for VT black and clear capped msz&las 110 degrees and consistent as
pressure varied from 30 to 80 psi. The spray awgleless than 110 degrees at lower pressure of
10 and 20 psi.
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7.2 Field Studies

7.2.1 Evaluation of droplet characteristics at different speeds

Droplet characteristics of Varitarget black andacleapped nozzles were analyzed at
speeds ranging from 4 mph to 12 mph at incremdr2swph. Treatments were designed to be
compared at a constant GPA of 10 GPA.

The measured VMD for VT black and clear capped lesz@as not within the standard
VMD range for coarse and medium droplet spectruspeetively. In each case the droplets were
larger. The PAC for both Varitarget black and cleapped nozzles varied significantly higher at
12 mph to that of remaining speeds. The D/SC foin Maritarget black and clear capped
nozzles varied significantly higher at 12 mph tattbf remaining speeds. The D/SC for
Varitarget clear capped nozzle was higher when emetpto the D/SC for Varitarget black

capped nozzle.

7.2.2 Evaluation of droplet characteristics at different application rates

Droplet characteristics of Varitarget black andacleapped nozzles were analyzed at
application rates ranging from 4 to 12 GPA at inzeats of 2 GPA. The measured VMD for VT
black capped nozzle was within the standard VMyeaat 4 GPA and was not within the
standard VMD range at remaining application ratexbarse droplet spectrum. The measured
VMD for the VT clear capped nozzle was not withie standard VMD range for medium
droplet spectrum. Instead it was observed thatrtba@sured VMD for VT black and clear
capped nozzles was within the standard VMD rangedoy coarse and coarse droplet spectrum
respectively. The PAC for both Varitarget blackl aear capped nozzles was significantly
different at application rate 12 GPA to that of eening application rates. The D/SC for
Varitarget black and clear capped nozzle at apjpdicaate 4 GPA varied significantly from the

remaining application rates.
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7.3 Observed differences between conventional noggland the Varitarget

nozzles in this study

7.3.1 Varitarget nozzle

It was observed that as the speed varied froml2 tmph, the pressure required for
spraying (observed on the pressure gauge locatdtedmoom) ranged from 25.67 to 30.67 psi
with a SD of 2.32 for Varitarget black nozzle ard67 to 33.33 psi with a SD of 2.81 for
Varitarget clear nozzle. The RPM required by tlaetor ranged from 2100 to 1600 as speed

varied from 4 to 12 mph for both Varitarget blacidalear capped nozzle.

It is also observed that at a ground speed of P8 amd as the application rate varied
from 4 to 12 GPA, the pressure required for sprgyanged from 19.33 to 25.0 psi with a SD of
2.04 for Varitarget black nozzle and 23.67 to 298Bwith a SD of 4.0 for Varitarget clear

nozzle.

It is also observed that the droplet size variedifr498 to 621 microns with a SD of
47.50 for VT black nozzle and 465 to 599 micronthvai SD of 54.08 for VT clear cap nozzle as
the speed varied from 4 to 12 mph. The droplet\wzed from 432 to 510 microns with a SD of
27.84 for VT black nozzle and 355 to 452 micronthvai SD of 39.80 as the application rate
varied from 4 to 12 GPA.

7.3.2 Conventional nozze

It is observed from the conventional nozzle chtrés there will be tremendous change in
pressure when speed is varied to maintain sameapph rate. It is also observed that there
will be a large change in pressure when applicatides were changed at a constant speed. Giles
and Downey, (2001) evaluated the performance afsoe based system with conventional
nozzle and reported that the pressure varied highen there are speed changes and application
rate changes. They also reported that large pressuiation results in a variation of droplet
spectrum which results in inefficient applicatidime conventional nozzle has its own limitations

when used for Variable rate application.
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The rule of thumb can be used here for conventinoatles:

1. To double the flow rate from a fixed orifice, theepsure needs to be increased
four times.
2. To double the speed, the pressure needs to beagstdour times when using

fixed orifice to maintain required flow rate.
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CHAPTER 8 - FUTURE RECOMMENDATIONS

1. In this study, droplet scan software was used tasue the spray droplets
characteristics. It was noticed that the VMD wasdglly higher than the
published standard droplet spectra of individuaahes. | would recommend to
check the VMD values using other methods suchses lsased optical techniques

and see if the VMD values vary in a similar way.
2. In this study the speed and application rate weamged manually keeping the
cards at a constant place. | would recommend uSiSgmade maps of speed and

application rate changes and see how the dropéeecteristics vary on the go.

3. l'would also recommend studying the transporta@grwhen there are speed and

application rate changes.

73



References

Anglund, E. A., and P. D. Ayers. 2003. Field exion of response times for a variable rate
(pressure-based and injection) liquid chemical igppdr. Appl. Eng. in Agric. 19:273-
282.

ASABE Standards. 1998. EP327.2. Terminologydefchitions for agricultural chemical

Blumhorst, M. R., J. B. Weber, and L. R. Swain. @9fficacy of selected herbicides as
influenced by soil properties. Weed Technol. 427)9-283.

Bretthauer, S. 2004. Control more with more confrolse- Width Modulation. lllinois Pesticide
Review Vol 17, No 2.
(http://www.pesticidesafety.uiuc.edu/newsletterMa®0402b.html)

Bui, Q.D. 2005. Varitarget-A new nozzle with varaflow rate and droplet optimization.
ASAE paper no 051125. Tampa, FL:ASAE

Denesowych, C. 2005. Controlling Spray Drift. Reseacompiled to provide spray drift
information in an easy to understand report toarasts and users.

Giles, D. K., and D. Downey. 2001. Quality contvetification and mapping system for
chemical application. ASAE Paper no: 01-1049. Saerg#to, CA: ASAE.

Giles, D. K., and J. A. Comino. 1990. Droplet sirel spray pattern characteristics of an
electronic flow controller for spray nozzles. J.risgEngng. Res. 47(4): 249-267.

Giles, D. K. 1997. Independent control of ligfimv rate and spray droplet size from hydraulic
atomizers. Atomization and Sprays 7, 161-181.

Giles, D. K., G.W. Henderson, and K. Funk. 19@8gital control of flow rate and spray droplet
size from agricultural nozzles for precision cheshipplication

Giles, D. K., P.G. Andersen, and M. Nilars. 200tbw~control and spray cloud dynamics from
hydraulic atomizers. ASAE Paper no: 011076. Sacram&A: ASAE.

GopalaPillai, S., L. Tian, and J. Zheng. 1999alkation of a flow control system for site-
specific herbicide applications. Trans. of the ASA2:863-870.

Han, S., L. L. Hendrickson., Ni. B, and Q. Zhar&01. Modification and testing of a
commercial sprayer with PWM solenoids for precisspnaying. Appl. Eng. in Agric.
17:591-594.

74



Hoffmann, W.C., and Hewitt, A. J. 2004. Comparisdthree imaging systems for water
sensitive papers. Presented at Joint ASAE/CSAE Animternational Meeting, Paper
No. 041030. ASAE, 2950 Niles Road, St. Joseph, 80I85.

Johnson, G. A., D. A. Mortensen, L., J. Young, andR. Martin. 1995. The stability of weed
seedling population models and parameters in eableloraska corn (Zea mays) and
soybean (Glycine max) fields. Weed Sci. 43:604:61

Kirk, LW., Hoffmann, W.C, and Fritz, B.K., 2004 efial Methods for Increasing Spray Deposits
on Wheat Heads. Presented at Joint ASAE/CSAE Anintednational Meeting, Paper
No: 041029. ASAE, Fairmont Chateau Laurier, The tideS&Sovernment Centre Ottawa,
Ontario, Canada.

Koo, Y. M., S. C. Young, and D. K. Kuhlman. 19&fow characteristics of injected
concentrates in spray booms. ASAE Paper No. 82-1&2. Joseph, MI: ASAE

Krishnan, P., and N.L. Faqiri. 2001. Effect of nlezgressure and wind condition on spray
pattern displacement of RF5 and 110-5R nozzles.EABdper no 01-1123. Sacramento,
CA: ASAE

Pierce, R.A., and Paul D. Ayers. 2001. Evaluatibdeposition and application accurace of a
pulse width modulation variable rate field spray&8AE Paper no: 01-1077.
Sacramento, CA: ASAE.

Qiu, W., G. A. Watkins, C. J. Sobolik, and S. Ae8ter. 1998. A feasibility study of direct
injection for variable-rate herbicide applicatidmansactions of the ASAE 41(2): 291-
299.

Rockwell, A. D., and P. D. Ayers. 1996. A variabd¢e direct nozzle injection field sprayer.
Applied Engineering in Agriculture 12(5): 531-538.

Ruixiu Sui, J., Alex Thomasson., Jeffrey L. Willeasid F. Paul Lee Rui Wang. 2003. Variable-
rate spray system dynamic evaluation. ASAE papd¥3id 28 . Las Vegas, NE:ASAE

Spraying Systems Co. 1999. Teejet, A user’s gudspray nozzles. Spraying Systems Co.,
Wheaton, lllinois 60189-7900, USA

Syngenta. 2002. Water-sensitive paper for monitpsipray distributions. CH-4002. Basle,
Switzerland: Syngenta Crop Protection AG.

75



Tangwongkit, R., V. Salokhe., and H. Jayasuriy@&@evelopment of a Tractor Mounted
Real-time, Variable Rate Herbicide Applicator fargarcane Planting. Agricultural
Engineering International: the CIGR Ejournal. Macwyst PM 06 009. Vol. VIII.

Thornton, P. K., R. H. Fawcett, J. B. Dent, and.TRPerkins. 1990. Spatial weed distribution
and economic thresholds for weed control. Cropeetmn 9:337-342.

Tian.L., J. F. Reid, and J. W. Hummel. 1999. Deprient of a precision sprayer for site-
specific weed management. Transactions of the A2E): 893-900

Tompkins, F. D., K. D. Howard, C. R. Mote, and RF&eland. 1990. Boom flow
characteristics with direct chemical injection. Aisactions of the ASAE 33(3): 737-743.

Vogel, J.W., R.E.Wolf, and J.Anita Dille. 2005. Hvation of variable rate application system
for site-specific weed management. ASAE paper B&100. Tampa, FL:ASAE

Walker, J. T., and R. K. Bansal. 1999. Developnaenl characterization of variable orifice
nozzles for spraying agro-chemicals. ASAE Paper 8®1008. St. Joseph, MI: ASAE.
2-4.

Wolf, R. E. 2004. The Affect of Application Volunand Deposition Aids on Droplet Spectrum
and Deposition for Aerial Application, Presentedhat 2004 Joint ASAE/NAAA
technical meeting, Paper No. AA04-006. ASAE, Silkegacy Hotel and Casino, Reno,
Nevada, USA

Womac, A.R., and Q.D. Bui. 2002. Design and tekts\ariable flow fan nozzle. Transactions
of ASAE. 45(2): 287-295

Yong, C., Lei Tian., JiaQiang Zheng., and Haitaar¥j. 2005. Direct herbicide application with
an autonomous robot for weed control. ASAE paped5t009.Tampa, FL: ASAE

76



Appendix A - A copy of DropletScad™ Software report
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