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Chair: Masoud Salyani
Major: Agricultural and Biological Engineering
A simulation model was developed to predict on-target spray deposition when using an
airblast sprayer. It was developed as a compartment model where, at a discrete location in the
sprayer‘s travel direction, the plume or spray cloud is handled as passing through several
connected compartments of equal thickness but increasing cross section, in the direction of
application. With this approach, the spaces between the sprayer and tree and within the canopy
were divided into small elements to achieve the needed simplification for simulation purposes.
The model, which accounts for evaporation, drift, and ground deposition, simulates spray mass
dispersion, assuming no slip between spray droplets and airstream and no contribution to sprayer
air velocity from spray droplets. The tree canopy equations account for foliage distribution
within a canopy in the direction of spray application, which simultaneously represents resistance
to spray transport resulting in deposition. With the incorporation of maximum deposition, it is
possible to account for spray runoff from leaves. Two field experiments were conducted to
validate the model in two parts, namely: dispersion and deposition. The dispersion experiment
setup consisted of a Polyvinyl Chloride pipe structure that provided a grid of five target distances
from sprayer outlet and four sampling heights. Absorbent paper targets were used to sample
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airborne spray from a conventional airblast sprayer. In the deposition experiment, twenty 3-tree
plots in an orange grove were sprayed and leaves sampled from the middle tree on two sampling
lines at two sampling heights and four canopy depths. Ground samples were also collected. In
both experiments, spray treatments consisting of combinations of two nozzles (Albuz ATR Lilac
and Albuz ATR Blue nozzles) and two forward speeds (2.4 and 4.8 km/h) were applied using a
conventional airblast sprayer. In both experiments, samples were analysed by fluorometry and
the total leaf area of each sample from the deposition experiment measured with an area meter.
The results showed good agreements between the model output and the experimental data with
best predictions in the first case yielding modeling efficiency (EF) and correlation coefficient (r)
of 78% and 0.90 for airborne spray and 50% and 0.62 for ground deposits, respectively. The
second case yielded EF = 61% and r = 0.92 for canopy deposition, but ground deposition data
was overly under-predicted by more than three orders of magnitude and was not considered
appropriate. Despite shortcomings, the model has potential for meeting the set objectives, and
has been implemented in an expert system to assist spray applicators in making decisions critical
for efficient spray operations.
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CHAPTER 1
INTRODUCTION
Background
Aerial and ground sprayers are both used in treating disease and pest infestations in tree
crops. Aerial sprayers have been mostly used in forest applications where there are no clear
rows, although they are also used in row crops. Ground sprayers have been used mostly for
orchard situations where the trees are planted in rows and there is ample space to drive a trailed
or mounted sprayer through. In a survey conducted (Summerhill et al., 1989) among 312
commercial citrus grove owners and managers with 4 hectares or more orchard size from 21
major citrus-producing counties in Florida, 90% sprayed for pest. Out of this, 98% used ground
sprayers. The remaining used aerial sprayers – 11% for fixed wing aircrafts and 4% for
helicopters. The situation has not changed much over the years, although several advancements
in spray equipment have taken place. This indicates that ground spraying is the most employed
mode of pest management in Florida citrus production, making ground sprayers of critical
importance to the citrus industry.
For citrus applications, air-carrier ground sprayers (mostly air-blast sprayers) have played,
and continue to play, a critical role (Futch and Atwood, 2009). Air-carrier spraying involves the
atomization and transport of spray droplets with the aid of an airstream – usually high-volume
high-velocity airstream – towards an intended target(s). It may be categorized into two different
types, namely air-assist and air-blast spraying, according to the manner in which atomization is
achieved. In air-assist atomization, high-velocity air is used to enhance pressure atomization at
low liquid flow rates. In air-blast atomization, a liquid jet or sheet is exposed to air flowing at
high velocity which breaks up the liquid into droplets and carries them along. A major difference

20

is that air-assist uses relatively small quantities of air at high velocities whereas air-blast uses
large amounts of air at much lower velocities (<100 m/s).
While pesticide use in crop management remains a necessary aspect of Florida citrus
production (Salyani, 1994b), spray applications continue to suffer from various sources of
inefficiency leading to off-target loss of applied pesticides. In citrus and other tree crop
applications, the target of interest is the tree canopy. Effectiveness and efficiency in spray
technology for agrochemical applications has been an issue for many years owing to the fact that,
time and again, a large amount of the spray material misses the target and is lost. But the prime
objective of pesticide spray application is to get the spray material to the target pest area, and the
more the material that gets to the target the better the chances of curbing the pest disease
situation. Greater efficiencies need to be aspired in all spray applications as pesticide lost in the
air by spray drift or to the ground as ground deposit impacts the environment and health
significantly.
It is important to know the right volume of pesticide to be applied per area under specific
conditions. Pesticide labels recommend volume per area for applied spray which is often referred
to as dilute spraying (Pfeiffer, 2002). Failure to apply the right amount of water and spray
material results in applying either inadequate or excessive dosage, each of which is not desired.
Under-dosing implies that the full power of the chemical is not utilized and the pest situation is
not brought under control. On the other hand, over-dosing implies that excess spray material than
required is applied, resulting in waste. This situation can be improved by effectively planning
each spray application to the extent that losses can be minimized.
Problem Statement
Spray application off-target losses are a great concern to Florida citrus. A recent study
(Salyani et al., 2007) show that about 17.9% to 25.7% of the total spray volume applied to citrus
21

can be lost in air-carrier applications. Although this is an improvement over several years of
research and development it is still a big problem, converting to loss of several dollars. This adds
to the cost of labor provided by the spray applicator, fuel to run spray equipment, maintenance of
spray equipment, including downtime, and overhead.
Pesticide lost during an air-carrier spray application ends up in the environment. Direct
ground deposition and indirect ground deposition through runoff of the pesticide from leaf
surfaces increase pesticide burden on the soil. Drift deposit on the ground far beyond the target
may also add to ground deposit. Apart from potentially affecting microorganisms in the soil, rain
runoff may carry pesticide deposits into surface water bodies where they are not needed and
pollute them. This may affect aquatic life to some extent and cause death in extreme cases.
Potentially, pesticide deposit may also seep down the soil and cause underground water
pollution. Added to these is the problem of volatilization of on-target deposit, chemical and
microbiological degradation in causing dissipation of pesticide available for pest control
(Wolters et al., 2004).
Pesticide spray application losses may become hazardous to human health. Most pesticides
are toxic chemical formulations that when lost through drift poses health risks to both humans
and animals. Pesticide lost by drift may be inhaled directly by bystanders without protective
gear. Drift losses may also be carried long distances to neighboring human settlements creating
air pollution.
The foregoing discussion and more, indicate that the effect of pesticide spray application
losses go beyond just the application site and affect people who are not even directly involved
with the activity. Policy makers have expressed great concern and the Environmental Protection
Agency (EPA) has guidelines to control the misapplication of pesticides. Buffer zones have been
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established to prevent spray application to areas within a certain radius around aquifers and
surface water bodies (Huitink et al., 1990; Miller and Salyani, 2006). However, these efforts are
unable to eliminate pesticide spray losses with their corresponding effects.
There is the advocacy for adopting biological control and other non-chemical management
practices and to minimize or eliminate the use of chemicals. However, these other practices
cannot alone fight the battle against pests in citrus because they are relatively less available, slow
acting, and not as efficient as chemical control, and thus Florida citrus necessarily will continue
to depend on pesticide spray application in order to survive. In this case, there is the need to
improve the application efficiency and minimize the losses that occur.
Researchers have made efforts to measure off-target losses and identify their causes via
mathematical procedures, experiments in wind tunnels, and field tests (Parkin and Wheeler,
1996; Miller et al., 2003). Moreover, several spray professionals have been working over the
years to develop systems that would improve delivery of the spray material to the heart of the
plant canopies (Pai et al., 2009). Yet, losses still occur in spray applications and the implications
regarding them remain of great concern (Hernández- Hernández et al., 2007). Thus more remains
to be done to further minimize these losses.
Experiments to study the factors influencing on-target deposition, with corresponding
losses, and their interactions have succeeded in increasing understanding about the spray
application system (Miller et al., 2003). However, limitations of cost, equipment, and
experimental design make it difficult to assess every scenario and spray operation planning
continues to be done with much uncertainty about resulting deposition. A further step beyond
quantifying deposition and identifying the influential factors would be to develop systems that
will aid in predicting deposition based on previous experimental data. It is hypothesized that a
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spray deposition model can adequately predict on-target deposition from an airblast sprayer in
citrus applications. Computer model simulations serve a complementary purpose to actual field
experiments and may guide research as to what is or is not important to measure. Several aerial
and ground boom spray models have been developed and are in use, but these are not easily
adaptable to airblast spray application to citrus trees because of difference in their phenomena.
Computer models may also assist decision-making at planning stage for a spray operation
or real time decision-making during an operation, and thus help minimize application errors and
off-target losses. Decision support systems have been developed and are successfully in use in
different areas of agriculture, but these tools are developed specific to a problem domain and
therefore not adaptable to citrus air-carrier spray application. It is thus also hypothesized that a
model-based decision support system for spray applications can help the grower to minimize
application errors and spray losses.
Objectives
Based on the above, the new thinking is an attempt to model the interactions between the
factors influencing spray efficiency with a goal of predicting deposition before an actual
spraying operation is carried out. Thus the main objectives of this research were:
1. To develop a computer simulation model to predict spray deposition in citrus trees
from an airblast sprayer.
2. To validate the model by field experiments.
3. To develop an expert system based on the model to assist citrus growers in planning
spray operations.
4. To evaluate the expert system by end users.
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CHAPTER 2
LITERATURE REVIEW
Spray Application Planning
The need for chemical application to citrus trees remains unsatisfied as long as pests
remain a challenge to the Florida citrus industry. In planning a spray operation, it is important to
select the proper combination of sprayer type, application parameters including droplet size,
pesticide properties, tree canopy characteristics, and weather conditions. Inability to do so will
result in application errors, and the efficiency of the spray application can be seriously hampered.
Application errors can stem from erroneous tank mix concentration or erroneous sprayer output
per unit area/tree (Salyani, 2003a), which can be moderated by proper calibration. Proper
calibration ensures that the sprayer is performing as expected and can potentially improve the
application effectiveness greatly.
In a typical citrus orchard, trees are planted in rows. In most cases, the tree distance is
selected such as will accommodate full grown trees in the row. The row distance is chosen such
that a tractor mounted with equipment, such as a sprayer, a tree canopy trimmer, or a tree shaker,
can drive in between two rows. Small and medium trees tend to be single-standing trees, with
some canopies overlapping. Larger trees tend to almost completely overlap, forming hedgerows.
Given that all conditions are perfect (an unrealistic situation), it is desirable that the whole
amount of spray applied to tree rows deposit on the tree canopies. However, this is not expected
knowing that off-target losses are inevitable. Response to spray treatment of single-standing tree
rows is somewhat different from that of hedgerows. Due to spaces between single-standing tree
canopies, there is high chance of spray drift beyond the target row. This is not the case with
hedgerows where the canopy row is a continuous wall. Spray capture is better for hedgerows
than for single-standing tree rows.
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Sprayer Calibration
Every sprayer needs to be calibrated before it can be used to effectively apply pesticides.
Sprayer calibration is often done at the beginning of the spraying season and also before any
specific spray application. An effective calibration will achieve the desired application rate (AR),
thus avoiding overdose or underdose applications which are undesirable. In this regard, there are
established procedures and calculations involved (Salyani, 2003a), which this study considers
good practice and a first step in minimizing spray wastage due to misapplication.
The calibration process helps in the selection of nozzles. Based on the desired AR,
operating pressure, droplet size, and sprayer compatibility, the spray nozzles can be selected
from a nozzle manufacturer‘s chart. Not every nozzle is compatible with every sprayer and it is
common not to find a nozzle with the calculated nozzle flow rate at the desired operating
pressure. In such a case, a close match is selected and either the operating pressure or the ground
speed is adjusted to give the desired AR. The nozzle arrangement is done so as to match the size,
shape, and density of the target canopy. Nozzles and air guide vanes are oriented so as to rightly
direct the spray cloud in the target canopy location. Depending on the orchard condition (small
trees), some of the nozzles may be shut off or plugged.
Due to ground condition resulting in slippage, the actual ground speed (GS) of a tractor
does not match up with the indicated speed on the speedometer. The weight added due to the
trailed sprayer can contribute much to the already lowered speed, thus the need to calibrate the
tractor for GS. The measurement of GS is done on a ground surface similar to the orchard
condition with the sprayer, half-filled, attached to the tractor. The time taken to travel a known
distance (or pass a number of trees with known tree distance) is recorded and used to divide the
known distance. GS measurement could be enhanced by using a speed radar or a GPS
(geographical positioning system) unit installed on the tractor.
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To measure the spray liquid flow rate (FR), the entire nozzle discharge is collected for a
specified time at the desired operating pressure. The FR is obtained as the nozzle discharge
divided by the spray time. Alternatively, the sprayer is run with the entire nozzles discharging for
a specified length of time, and then the tank filled back to the level at start of spraying. The
volume of water filled back into the tank is divided by the spray time to obtain FR. Whereas the
capacity of spray nozzles is based on water, it is possible to use actual spray mix other than
water. In such a case, the FR is multiplied by a correction factor.
Aside the above stated procedures, the past three decades have seen several developments
in sprayer calibration techniques. These techniques range from electronic systems that generate
signals relating to spray liquid FR and AR, to devices that show whether or not there is equal FR
through multiple outlet lines. But each of the devices and techniques has had limitations. In some
cases, ordinary water has been used instead of actual pesticide due to issues of economy, safety,
and environmental pollution related to using actual pesticides without any provision correction.
Also, some techniques have relied on electronic circuits where measurement is affected by
sensor accuracy and reliability. Furthermore, incorporation of devices in spray equipment has
limited the use or trial with older sprayers to assess the utility of such devices. While the above
limitations remain, some other techniques have proved useful with one nozzle at a time whereas
others are usable only on boom sprayers. In some other cases, the devices have even not been
able to determine steady state FR.
Salyani and Serdynski (1993) describe a calibration device they developed and explain its
usefulness for different agricultural and industrial applications, and claim an advantage over
other calibrators in measuring FR from any type and number of hydraulic nozzles. They claim
that there is minimum likelihood of breakdown due to the absence of electronic circuitry, making
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it useful in both developed and developing countries with different levels of agricultural
mechanization.
The Spray Application System
Droplet size may be considered the most important factor in air-carrier spray application. It
influences the processes that occur during spray application to citrus tree targets. Consequently,
atomization – the process of breaking down bulk liquid into multiplicity of tiny droplets of the
spray liquid by using a nozzle or atomizer – is critical to the overall spray application. Different
types and designs of nozzles exist for agricultural purposes. These include, but not limited to full
cone and hollow cone nozzles, flat fan nozzles, and air induction nozzles. The size and geometry
of the nozzle or atomizer used, the physical properties of the dispersed phase, and the physical
properties of the continuous phase (surrounding air) are the main factors that affect atomization.
The atomization process, considering the type of nozzle or atomizer used, determines the
droplet size spectrum of the spray produced. Agricultural sprays have been categorized (ASAE
Standard S572) by droplet size into different classes ranging from aerosols to coarse (Table 2-1).
Droplet sizes used in agricultural applications are mostly less than 500 µm. Most nozzles are
color-coded according to the classification of the spray they produce. Reichard et al. (1977)
measured droplet size distributions of several disc-core nozzles used in airblast applications and
reported that different nozzles produced different spectrums. A similar study measured droplet
size spectra of fan and hollow cone nozzles and assessed the effects of FR, nozzle orientation,
and airspeed on droplet size spectrum (Yates et al., 1985). In another study, Salyani (1998)
characterized the distribution patterns of two rotary atomizers. Although the general
classifications give an idea of the spray quality, Hoffmann and Kirk (2005) argued out that spray
applicators should not rely on only the single characterization like ―Fine‖ or ―Medium‖ but
rather on the overall droplet spectra, and suggested future modification of ASAE Standard S572.
28

Subsequent to atomization, the entrained spray droplets are transported by a high-volume
high-velocity airstream towards the target tree canopy. The spray cloud (a passive mixture of
spray droplets and air) expands due to drag and decelerates with distance from the source. Due to
turbulence and gravity force in the spray cloud, some droplets tend to become detrained from the
spray cloud. These detrained droplets may either fall to the ground by gravity or be drifted away
by prevailing winds. Depending on the droplet size and the intensity of the wind, the droplets
may either be carried far or near.
Droplet lifetime while aloft depends on the rate of droplet evaporation, which begins as
soon as the droplet emerges from the nozzle and continues as long as the droplet remains aloft or
even after it has settled on the canopy or the ground. Cunningham et al. (1962) measured
evaporation loss proportions as high as 0.4 at 11 m from an airblast sprayer. The rate of
evaporation is highly influenced by prevailing weather conditions including air temperature,
relative humidity, and wind speed. Generally, a high temperature and a low relative humidity
will result in high droplet evaporation rate. Increasing wind speed will also increase droplet
evaporation rate. Since droplet lifetime decreases with decreasing droplet size, larger droplets
remain aloft longer than smaller droplets. The size of small droplets of water-based sprays
decreases rapidly due to evaporation (Reichard et al., 1977), making them highly susceptible to
the least wind current. Therefore, ideally, spray droplets need to be large enough so as to still
reach the target after some evaporation, yet small enough to be transported by the airstream to
give satisfactory coverage on the target.
As the spray cloud passes through the target canopy, some of the spray droplets are
intercepted by the canopy components (leaves, stems, branches, twigs, and fruits) and deposit on
them. For the most part, the amount of spray material that deposits on the canopy depends on the
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canopy characteristics (Hall et al., 1991) – (shape, size, and density). Moderately dense canopies
usually allow good penetration and give good spray capture. Sparse canopies capture less spray
and most of the spray droplets end up traveling beyond the actual target canopy. Highly dense
canopies provide greater resistance to spray transport and are difficult to penetrate. Inefficient
penetration results in spray runoff, an indirect loss to the ground. Beyond the target canopy the
droplets that do not deposit on the canopy may be drifted away by the wind, deposit on other
canopies, or deposit on the ground (Salyani et al., 2007). All the partitions of the spray
discharged that do not end up on the target tree canopies are considered to be off-target losses.
These losses are of great concern to the applicator, the grower, the researcher, regulatory bodies,
and policymakers.
Factors Affecting Spray Efficiency
The two main losses resulting from a typical citrus spray application are: (i) losses to the
ground directly or indirectly (due to runoff from leaves) – also known as ground deposit – and;
(ii) losses to the air – also known as drift material. The factors influencing these have been found
to include sprayer design and application parameters, spray physical properties, meteorological
conditions, and tree canopy characteristics. In reality, spray deposition and drift phenomena are
complex.
Sprayer Design and Application Parameters
Several types and sizes of air-carrier ground sprayer designs exist with different levels of
utility and performance. The type of spray equipment influences deposition and drift to a marked
extent. Traditional airblast sprayers discharge the spray radially, but sprayers with tower
configurations discharge it horizontally toward the target tree canopy. Sprayers with tower
configuration have shown lower drift potential above canopy than radially discharging airblast
sprayers (Salyani and Farooq 2004). Most airblast application rates range between 200 and 5000
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L/ha (Whitney et al., 1989; Salyani, 2000). This wide range is achieved by different
combinations of nozzle type, size, and number, operating pressures, and ground speeds. Droplet
size decreases with increasing flow rate and increasing atomizer rotational speed (Salyani, 1998)
which increases the drift potential of the spray. Atomizer rotational speed is synonymous to
nozzle pressure. Droplet size is inversely proportional to both, whichever is used.
The range of application rates can be split into low-volume applications – where more
concentrated material than recommended by product label is applied at low spray volume rate –
and high-volume applications – where dilute material is applied. In terms of the rate of active
ingredient application rate, both low-volume and high-volume spraying apply the same rate but
low-volume spraying involves relatively smaller droplet sizes as against larger sizes with highvolume spraying. In some studies, low-volume ground sprayers produced the highest airborne
drift (Salyani and Cromwell, 1992a & 1992b). Salyani (1997) found the higher deposition in
low-volume application to be due to reduced runoff from leaf surface.
Considering the field situation, spray application parameters influence deposition and drift
greatly (Kirk and Hoffmann, 2002). These may include, but not limited to, type and number of
nozzles, nozzle pressure or atomizer rotational speed, nozzle angle, spray volume rate, air
volume rate, air speed, and ground speed. Hobson et al. (1993) studied the effects of nozzle size
(and flow rate) on spray drift for 80º and 110º nozzles at operating pressure of 300 kPa. The
effects of application parameters on spray deposition in high- and low-volume applications have
also been studied (Koo et al., 2000). Salyani (2000c) applied spray using different nozzle
arrangements, disc-core combinations, operating pressures, and ground speeds, to establish the
combination of these parameters that produces the highest deposition efficiency. He did not find
substantial effect of disc size on deposition, but established significant interaction of disc size
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with number of nozzles and ground speed. He concluded that for low volume applications,
reducing the number of nozzles and using smaller disc and core sizes can improve deposition
better than spraying at higher ground speeds.
Svensson et al. (2003) measured the effects of sprayer speed, fan outlet air velocity, and
fan jet characteristics on the velocity of the spray jet in the center and beyond apple trees. Other
application parameters have been studied and their effects identified.
Spray application rate
In the literature, ―spray application rate‖, ―spray volume rate‖, and ―spray volume‖ have
been used synonymously to refer to the volume of spray liquid applied per ground area. In this
document, spray application rate will be used. Spray application rate significantly affects both
deposition and off-target losses (Hoffmann and Salyani, 1996). Deposition was found to increase
with decreasing application rate, and significantly more deposits were observed on the outside of
the canopy than at the inner locations (Salyani, 1995; Salyani and Hoffmann, 1996a). However,
application rate was not found to have significant effect on ground deposition when comparisons
were made among five sprayers (Salyani et al. 2007). In fact, Salyani and Farooq (2003) did not
find spray volume rate alone to have significant effect on mean deposition but interaction with
air volume rate had.
Air volume rate
Air volume rate has been found to significantly affect both canopy penetration and spray
deposition. Studies have been done to determine the effect of air volume rate on penetration and
deposition of spray within citrus tree canopies, and the interaction between air volume rate and
spray application rate on spray coverage (Salyani and Farooq, 2003). Salyani (1995) reported
increased variability in mean deposition at higher speeds using high air volume sprayers. Salyani
and Farooq (2003) also did not find significant interaction of air volume rate and target height on
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mean deposition. Airblast sprayers typically discharge constant airflow (Whitney et al., 1989).
However, Pai et al. (2009) adjusted airflow with an electro-mechanical system to explore the
potential for spray loss reduction and concluded that it is possible to reduce airblast spray
application losses by reducing the airflow rate.
Air velocity
Air velocity and velocity profiles have been studied for different sprayers. Salyani and
Hoffmann (1996a) studied air and spray distribution of an air-carrier sprayer equipped with an
axial-flow fan, a diaphragm pump, and 10 hydraulic nozzles per side, and differentiated air
velocity profiles of a stationary and a moving sprayer. No correlation between air velocity and
deposition was observed. Sidahmed (1997) developed a transport model for droplets in fan
sprays near the nozzle, and an empirical equation for effective drag coefficient. Using
experimental drop-size/velocity data from three nozzles for model testing and comparison with
an earlier model, he found droplet movement to be influenced by constant, but not necessarily
equal, effective drag coefficient.
Sidahmed (1999) followed up with an evaluation of the model proposed by Sidahmed
(1996) using data from an Aerometrics Phase/Doppler Particle Analyzer that used the light
dispersed by spherical particles to simultaneously measure size and velocity. He argued out that
air entrainment has an opposing effect to viscous drag on smaller droplets: Whereas drag tends to
retard the speed of smaller droplets faster than larger ones, the entrained air on the other hand,
tends to accelerate smaller droplets faster than larger ones. He also concluded that neglecting
unaccounted-for energy when predicting smaller droplets‘ velocity can cause errors, but this is
not the case for larger droplets. Salyani and Hoffmann (1996a) also established air velocity
distribution and deposition relationship.
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Ground speed
The effects of sprayer speed have been studied under different settings (Salyani, 1995;
Salyani 1999b; Svensson et al, 2003). Salyani (1995) did not find ground speed to have
significant effect on deposition from ground speed tests with two engine-driven air-blast sprayers
that were equipped with axial-flow fans and disc/core nozzles. Although leaf samples from
locations near the sprayer showed slight increase in deposition with increasing ground speed,
similar trends were not observed at other locations. He concluded that there was no significant
effect of ground speed on deposition and thus, high speeds could be combined with high air
volume sprayers to reduce spray application time. Also, low-speed applications do not
necessarily increase deposition.
Spray Physical Properties
The mean size and size distribution of the droplet are dependent on several variables
including liquid properties, nozzle geometry, and operating variables (Bouse, 1990; Liu, 2000).
Spray physical properties play a major role in determining droplet size and distribution. When
the injection pressure is high a low ambient pressure and/or a small orifice will produce smallsized droplets. Increasing liquid viscosity and/or surface tension hampers the breakup of the
liquid. Usually, high viscosity results in poor atomization and produces larger droplets. Surface
tension tends to resist distortion of the liquid surface. Liquid density also influences spray
penetration since spray behavior is determined by the kinetic energy of the liquid jet.
As already stated, droplet size affects drift and evaporation. Generally, droplets less than
100 µm in diameter have lifetime of less than the time (14 s) required for them to fall 2m at 30
ºC and 50% RH (Willis and McDowell, 1987). Droplets less than 80 µm in diameter can rapidly
lose their initial momentum after leaving the nozzle (Hobson et al., 1993). These spray droplets
then become susceptible to diffusion due to local atmospheric turbulence and advection due to
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crosswind, and therefore become detrained from the spray cloud. Droplets of 100 µm in diameter
can vanish in about 20 s at 60% RH (Holterman et al., 1994). Regardless of wind velocity,
droplets less than 50 µm in diameter almost always drift away. However, negligible drift has
been observed from 200 µm sized droplets even in 10 m/s speed winds (Thompson and Ley,
1983).
At the leaf interface, the spray mixture formulation characteristics also influence
deposition amount (Brazee et al.; 1991). The chemical nature of pesticide, adjuvants, pH, and
droplet size affect spray retention by leaves. Apart from the leaves intercepting the droplets, the
droplet retention capacity would determine whether droplets will settle on a leaf. Adhesion
between liquid and solid molecules and the degree of spreading are characterized by the contact
angle between spray droplets and leaf surface. Research at the plant interface shows that
sometimes, droplets bounce off the leaf surface upon impaction. This droplet rebound is a
significant limiting factor of effective spray application and retention. Some researchers have
attributed this rebound to kinetic energy, surface tension and degree of wetting between the
leaves and the droplets. However, it has been reported that droplets < 100 µm in diameter are
generally almost certain to be retained on leaves irrespective of other factors.
Another significant limiting factor of effective spray application and retention is runoff
from leaf surface. This is also influenced by droplet size. Small droplets give better uniformity in
deposit distribution than larger ones (Salyani, 2003b). Larger and heavier droplets have a greater
tendency to runoff than smaller droplets. Larger droplets may roll off the leaf surface depending
on the surface characteristics and orientation of the leaf, and also on the spreading ability of the
spray mixture. Smaller droplets may not have enough momentum to roll. However, there is the
tendency for droplets to coalesce into larger droplets. This becomes very serious when the
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droplets are already large because much larger drops form with enough momentum to roll off.
Smaller droplets may not form large enough drops when they coalesce and may not contribute
much to runoff.
Weather Conditions
A discussion on spray deposition and drift cannot be complete without mention of weather
factors. Although weather factors cannot be controlled, understanding their influence in the
system plays a major role in planning and implementing spray operations. Spray deposition and
drift are influenced extensively by prevailing weather conditions at the time of spraying
(Hoffmann and Salyani, 1996). The turbulence in the atmosphere affects spray transport; both
horizontal and vertical components of wind velocity are crucial in spray drift phenomenon. Thus
spraying under unstable weather conditions is not recommended.
Salyani and Hoffmann (1996b) characterized the influence of weather parameters on spray
application and determined how application time, spray volume rate, and their interaction affect
deposition. Spraying at different times (days and nights) and different months, they found both
application time and volume to have significant effect on deposition in each month. Deposition
changed with changing weather conditions although individual weather parameters were not
significant. Gil et al. (2005) assessed spray drift during vine pesticide application under several
influential conditions. Thompson and Ley (1983) found drift deposits to increase with wind
speed except near the spray source.
Wind speed and atmospheric stability
Miller (1980) has stated emphatically that when wind velocity surpasses 4 m/s (10 mph) it
is not advisable to apply aerial treatments because horizontal advection becomes important even
for larger droplets. Thompson and Ley (1983) found that drift deposits increased with
atmospheric stability but did not find noticeable effects for small evaporating drops. Hobson et
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al. (1993) found an approximate linear relationship between spray drift and wind speed. They
also established that the rate of drift decreases with decreasing wind. Hewitt et al. (1997) found a
substantial decrease in downwind deposition rates with a decrease from 2.2 to 0.9 m/s in the
crosswind speed. For deposition rates in the first 24 meters downwind, this caused the ―Medium‖
spray to behave like a ―Base Case Coarse‖ spray. Gil et al. (2005) also found drift to be
influenced by droplet size and wind speed. Vertical drift for low speed was more significant than
horizontal flow.
Air temperature and relative humidity
Air temperature and relative humidity influence the rate of evaporation of droplets and thus
affect deposition. Evaporation is accompanied with heat and mass transfer. Thompson and Ley
(1983) observed that drift deposit either remained constant or reduced with evaporation up to a
few tens of meters distance away. However, they found noticeable increase beyond 100 m.
Hoffmann and Salyani (1996) measured higher depositions at nighttime, where there is lower
temperature and higher relative humidity, than at daytime, where there is higher temperature and
lower relative humidity.
Solar radiation and rainfall
Research indicates that weather factors that affect the rate of pesticide loss from leaf
surfaces also include rain and sunlight. These do not directly affect spray output during
application but rather contribute to supplementary loss of spray material after final deposition.
Solar radiation affects deposit decay due to overexposure (Salyani and Cromwell, 1992b).
Salyani (2003b) found solar radiation to have significant effect on deposit fluorescence
reduction; longer exposure of deposits significantly reduced the deposit fluorescence. He also
found that rainfall significantly affected the amount of remaining deposits on sprayed targets.
Here too, droplet size plays a significant role.
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Tree Canopy Characteristics
In citrus and other tree crop spray applications, spray penetration through the canopy is of
key importance. This is necessary for uniform distribution of the spray material inside the
canopy. Since pests can hide anywhere in the canopy, especially under leaves and other cool
locations inside the canopy, it is necessary that the active ingredient in the spray gets deposited
uniformly throughout the canopy system, as much as possible, and remain there for some time to
control the situation. However, canopy characteristics can place a great limitation on the
application and hamper deposition.
Canopy characteristics like shape, size, and density play a major role in spray deposition
and drift. Generally, deposition decreases with canopy depth (Salyani and Farooq, 2003) because
the mass flux of the spray reduces with the distance from the sprayer outlet. However, denser
canopies often create greater resistance to airflow and spray penetration and reduce deposition
drastically. In such a case, a lot of runoff may be observed at the canopy boundary nearest to the
sprayer. For single trees or tree rows with gaps, the spray cloud may go around the tree and drift
beyond the row. As an advantage, trees planted as hedgerows offer a wider area for spray capture
and tend to reduce drift than rows with gaps between trees (Salyani and Cromwell, 1992a &
1992b).
In order to achieve best deposition results there is the need to have adequate penetration
into the canopy to allow the spray material to deposit within the canopy. Studies have been done
to assess the possibility of penetrating even the densest canopy. Modifications have been made to
equipment designs and different application parameter combinations have been studied to detect
combinations that give the optimum deposition. Svensson et al. (2003) measured the penetration
of a sprayer air jet into an apple tree canopy and found fan positions to have significant effect on
air velocities within the canopies at 4.2 m elevation. But the effect was less significant at the 1.8
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m elevation. Characteristics of airflow of converging fan positions alternatives were found to
enhance penetration and improve deposition. Flow above the tree canopy was also reduced with
airflow from converging air jets. They also found air penetration to improve by high air output
power at low travel speed.
As the spray droplets penetrate the tree canopy the characteristics of the leaves also play an
important role in influencing efficient application. Generally, lesser contact angles result in
greater spreading, and water-based solutions have lesser contact angles, thus better wetability,
but on older leaves than young leaves. Also, lower surfaces are usually less wetted than upper
surfaces.
Target Location
Target tree canopy distance has been found to have significant effect on deposition as well.
The farther the target distance the smaller the air velocity, and the lesser spray material that
reaches it as well as the resulting deposition. Salyani and Cromwell (1992a, 1992b) observed a
decrease in deposition with downwind distance. In an aircraft application, Thompson and Ley
(1983) also found drift deposit to increase with release height except near source and found a
rough proportionality. Salyani and Hoffmann (1996a) found air velocity to reduce speedily with
increasing distance from sprayer outlet in both stationary and moving sprayers. However,
velocity was comparatively lower for the moving sprayer. Deposition also decreased with
increasing distance from the sprayer at all sampling heights and spray volume rates. Salyani and
Farooq (2003) attributed the observed significantly lower deposition at higher sample heights to
farther target distances. They found that interaction of air volume rate and target height did not
have significant effect on mean deposition. Considering a whole grove spraying condition,
Salyani and Cromwell (1992a) have concluded that the most contribution to the overall off-target
deposits is from the last one or two rows downwind side of the grove.
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Field Assessment of Spray Deposition and Drift
Drift measurement has been discussed extensively (Miller, 2003). Two ways of collecting
drift material are by collecting the material at ground level or by sampling the air carrying the
material. An established method of quantifying spray drift at ground level is by using horizontal
targets (collection surfaces). Examples of horizontal targets include Petri dishes, cut pieces of
filter paper, rectangular plastic cards, chromatography paper, and similar targets. Air sampling
can be achieved by using high volume air samplers, low volume air samplers, cascade impactors,
and rotary samplers.
Different researchers have used different equipment, combinations of operational variable
and application parameters, and different sampling methodologies to study spray deposition
and/or drift. Basic assessment techniques involve the use of targets to sample the spray. Ebert
and Downer (2006) made a monumental review on several of such experiments and concluded
that every spray distribution experiment needs to measure both retention and biological effects.
However, this would mean that all these experiments should use real pesticides, which would not
be in the interest of the environment unless the measurements are made during an actual
pesticide application so that the environment is not contaminated unnecessarily.
Stoughton et al. (1997) assessed long-range spray drift prediction accuracy using lidar
measurements. The field experiments were conducted to monitor aerially applied pesticide
transport above an oak forest in a near-neutral planetary boundary layer. They took
micrometeorological data which they used to run the FSCBG (Forest Service Cramer-BarryGrim) model and University of Connecticut Spray Transport (UCST) models for comparison.
They found both models to predict more than 99.5% of the deposition of the total material
complete by 200 m. Both models predicted that droplet diameters greater than 100 µm all fallout.
However, earlier, Bache and Johnstone (1992) had found that droplets as large as 250 µm could
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be drifting. The lidar measurements tended to favor the results of Bache and Johnstone (1992).
Threadgill and Smith (1975) studied the influence of selected physical and meteorological
parameters on drift potential of non-pesticidal sprays applied from ground sprayers.
Tracers
In order to minimize environmental contamination through the use of real pesticides that
are toxic, tracer dyes have been used instead in most experiments. A few examples include
Salyani (1993, 1999a, 2003b), Salyani and Cromwell (1992a, 1992b), Brown and Taher, (1999)
and Farooq and Salyani (2002). Different colors including blue, green/yellow, orange, red, and
black exist for dyes with detection levels referred to as parts per billion (ppb) – this is one part of
active dye found in one billion parts of water. Visual detection of fluorescent dyes is possible in
the range of 100 ppb. With a black ultra violet (UV) light or a fluorometer, detection in the 10
ppb or <1.0 ppb ranges can be achieved, respectively (Lab Safety Supply Inc. 2007). However,
depending on the specific water conditions, detection level may vary.
Spray Deposit Sampling
Deposition of spray material on the target canopies is primarily the objective of any
agricultural spray operation. To measure deposition, samples are taken from a canopy that have
been sprayed or from the ground and the material captured is measured in the laboratory. Both
natural (actual leaves) and artificial collectors have been used to capture spray. Sometimes
artificial collectors have been used where it is impractical to use the actual leaves. Salyani and
Hoffmann (1996a) measured spray deposition on leaf and paper towels to compare their
efficiencies as samplers. They found that, whereas deposition on the paper targets increased
significantly with increasing air velocity, there was no correlation in the case of the leaves. This
indicates the inadequacy of the paper towel samplers in representing leaf capture.
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Farooq and Salyani (2002) captured spray droplets with absorbent cotton ribbon. Gil et al.
(2005) used PVC to capture spray droplets and shade netting to simulate vine crops. Kromekote
cards produced clear stains with rhodamine dye where droplets had evaporated (Brown and
Taher, 1999). Mylar® sheets were used to quantify deposition from an aerial application (Miller,
1980; Barry et al., 1992; Salyani and Cromwell, 1992a & 1992b). Filter paper may also be used
(Salyani and Cromwell, 1992a & 1992b).
The time lapse between spray application and collection of the spray samplers can
influence results significantly. Willis and McDowell (1987) have stated that the accuracy in
measuring pesticide interception by plants significantly depends on the pace of target collection
and pesticide stabilization/extraction. Most dyes are biodegradable and the longer their exposure
to solar radiation the less accurate the measured values are likely to be. Salyani and Cromwell
(1992b) reported faster decay of fluorescent deposits on Mylar® targets than on filter paper and
attributed it to the porosity and dye absorbance of the latter as against the smoothness of the
former. Salyani (2000b) observed less than 10% degradation in fluorescence of the tracer after it
was exposed for one hour to 2.9 MJ/m2 of solar radiation. To minimize degradation, Farooq and
Salyani (2002) collected samples after 15 to 45 min, that is, as soon as the leaves dried. Brilliant
Sulphoflavine (BSF) has been found to reproduce the atmospheric transport of pesticides and
could be the most suitable fluorescent tracer (Gil et al., 2005; Gil and Sinfort; 2005).Threadgill
and Smith (1975) used Kromekote paper card to collect droplet number and size data.
Laboratory Measurements and Analyses
In the laboratory, different methods have been used to measure the tracer deposition
including fluorometry (Salyani and Farooq, 2003; Gil et al., 2005), colorimetry (Salyani, 1995),
and in some cases too spectrometry. All these methods have their advantages and shortfalls.
Generally, colorimetry is not as fast as fluorometry. Other methods include using an optical
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comparator (Ekblad et al. 1987; Brown and Taher, 1999) to count dried droplets. Although this
method is laborious it avoids problems with overlapping droplet stains.
Efficient spray Application /Loss Mitigation Techniques
A lot of research has gone on over the past years to measure the losses resulting from drift
and identify their causes via mathematical procedures, wind tunnel experiments, and field tests.
Salyani and Cromwell (1992a & 1992b) conducted field tests (for both aerial and ground
sprayers) to quantify spray drift from typical Florida citrus applications and find out the
contribution of spraying each row to the overall drift.
With the ultimate objective to make air-assisted spray applications more efficient various
aspects of the spray application system have been studied to understand the contributions from
different factors. Salyani (1995) identified practices capable of minimizing inefficiencies and
environmental contamination. Previous studies have compared the performance of different
types of sprayers based on resulting on-target deposition, airborne drift, or fallout. Salyani and
Cromwell (1992a and 1992b) quantified fallout and airborne drift deposits in aerial and ground
sprayers. Salyani (1995) characterized spray deposition and drift from common ground sprayers.
Salyani (1997) compared deposition performance of PTO-driven with engine-driven sprayers.
Salyani and Hoffmann (1996) studied air and spray distribution from an air-carrier sprayer
equipped with an axial-flow fan, a diaphragm pump, and 10 hydraulic nozzles per side.
For the most part, agricultural spray droplets with sizes above 140 microns initial diameter
are less prone to drift (Smith and Burt, 1970). Threadgill and Smith (1975) determined droplet
size and specific gravity effects on drift potential. They also determined the effects of horizontal
and vertical components of wind speed on drift potential.
According to Threadgill and Smith (1975), greater distances (than 400 m) may let
considerable drifting spray material to evaporate thus escaping sampling. They found that drift
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potential of sprays decreased with increasing atmospheric stability and increasing droplet size.
Drift above 140 microns was not significant for a wide range of atmospheric conditions. They
also found that drift potential increased with increasing vertical wind component and decreasing
horizontal wind speed component.
Modeling Spray Dispersion and Deposition
The cost of conducting experiments over and over again to verify findings or make new
ones is high and the time involved is great. However, there are few to several constraints that
prevent researchers from exploring all possible scenarios. But complementary to experiments
have been mathematical and simulation models that have been developed based on findings from
these experiments. Models serve a better purpose of assessing scenarios through simulation that
otherwise are hard to achieve with real experiments. Threadgill and Smith (1975) argue out for
an alternative to expensive and lengthy use of research in evaluating pesticides as being analog,
digital, or hybrid simulation. Nevertheless, the success in developing a physical model of a
system cannot be achieved without some basic understanding of the physics and dynamics of the
system one is dealing with. Although in some cases one may not fully understand all the
complexities that are involved, a good amount of information about the system is tantamount to
adequately approximating the behavior of the system. In most cases in science and engineering, a
lot of assumptions are necessary to reduce the limitations in order to make some good attempts at
describing a system. As the saying goes, ―all models are wrong but some are useful‖, each model
provides some information that can be built upon to understand the system more.
Significant Spray Modeling Contributions
Modeling and simulation of agricultural spray application systems have been used to
understand the dynamics of the system and identify important variables at play in the system.
These have served as basis for further experiments in order to describe the system more precisely
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and thus make accurate predictions about the system. However, different researchers have used
different approaches at different scales of the system. While no particular model is the ―absolute
truth‖ about a given system under study, some prove to be more useful than others for one
situation or the other. Although some authors have used approaches that tend to simplify the
system, others have rather delved deeper to account for greater details.
Plume Models
To maximize the benefits associated with the utilization of chemical pesticides, Miller
(1980) developed a mathematical model to predict aerial pesticide drift, given experimental data,
spray formulation and nozzle characteristics. He analyzed twenty-eight different datasets of
deposition observations. He describes a numerical assessment of the spatial distribution of active
material both on-target and downwind of the target area. Stability effect was pronounced for
smaller droplets. Larger and heavier droplets tend to experience less vertical dispersion.
In most agricultural applications, the source of the spray cloud is a moving source and at
field scale may be viewed as a traveling point source. Callander and Unsworth (1982) described
the design and operation of a traveling point source that they employed to simulate droplet
dispersion and deposition in crops. They argued out that the maximum distance downwind of a
moving-point line source where observed amount represents an infinite line source depends on
the length of the line and also on the standard deviation of the wind direction.
Steinke and Yates (1989a) modified Gaussian models to improve predictions by including
additional assumptions to the basic Gaussian model assumption. The Gaussian model was
observed to over-predict the downwind concentration up to three orders of magnitude. By using
all available data, they could improve predictions to below one order of magnitude after
correction. In addition, the Gaussian model could reproduce the shape of the curve well.
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Wake Models
Wake models simulate the behavior of spray as influenced by the wake of an aircraft. A
summary of results obtained from a mechanical model is provided by Atias and Weihs (1985).
The model was developed to study the behavior of an agricultural airplane wake close to the
ground and the movement of sprays under the influence of this wake. Specifically, they studied
the distribution of different initial droplet size sprays and evaluated the influence of relative
humidity and initial droplet velocity. They concluded that the model could assist in designing the
location of the spraying nozzles along the wing span.
Partnership between the U.S. Department of Agriculture Forest Service and the U.S. Army
to develop computer models that predict the deposition and drift of aerially applied spray has
been ongoing for several years. These models could predict the environmental fate of pesticides
released from aircrafts, and could account for atomization through settling of the pesticide
particles on surfaces. Significant among these is the AGDISP (AGricultural DISPersal) model.
This model has been validated under diverse settings and utilized extensively (Ekblad et al.,
1987; Hoffmann et al., 2007). Ekblad et al. (1987) concluded that the model‘s spray behavior
predictions are adequate for droplets between 100 and 600 µm released from a helicopter of
speeds greater than the transition speed. Hoffmann et al. (2007) instilled confidence in AGDISP
users regarding its accuracy but cautioned regarding its use with canopies with more than 80%
enclosure.
The FSCBG model is a Gaussian line source model that predicts downwind dispersion by
using the near wake results of AGDISP model. It could predict the effects of weather,
evaporation, canopy penetration, ground deposition and on-canopy deposition. Teske et al.
(1990) validated the FSCBG computer simulation model for spray behavior in Douglas-Fir seed
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orchards. They determined the success of an aerial spray application system to protect Douglasfir cones and seeds from harmful insects.
Mickle (1987) reviewed the strengths and weaknesses of AGDISP, Wiehs-Atias, FSCBG,
and PKBW (Picot, Kristmanson, Basak-Brown, Wallace) models as related to ultra low volume
(ULV) pesticide spraying and determined how operational parameters affect deposition patterns
near field and drift deposition among these models. All these models are useful in the prediction
of deposit and drift from aerial applications. Since the Atias-Weihs model modeled the total
mass it was not included in the inter-model comparison. They conclude that incorporating
AGDISP into FSCBG can fortify FSCBG in terms of its WAKE VORTEX code but noted the
extensive increase in computing time that may rule out its usefulness when applied to ULV spray
season. Provided the agreement in shape, the Cramer dispersion model could be valuable in
evaluating the effects of operational spraying on off-target deposits. Also PKBW model
effectively modeled the deposit shape to 400 m but with an over-prediction. He states an
advantage of PKBW as the potential to directly compare spray cloud movement and dispersion
with spray mapping results.
Barry et al. (1992) described the inputs and mode of operation of the FSCBG model and
provided summary of model validation. The FSCBG model predicted well, following the data
downwind until spray cloud dispersion and growth characteristics downwind limited prediction
accuracy. They concluded that the model could potentially lead to a reduced need for expensive
field experiments and the determination of buffer zone and drift potential of pesticides.
Parkin and Wheeler (1996) modeled the influence of spray induced vortices on droplet
movement in wind tunnels. Having considered airborne spray movement downwind of a flat-fan
hydraulic nozzle to be influenced by trailing wind vortices, they studied the mechanism causing
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spray displacement, and the dimensions suitable for wind tunnel experiments. They observed
trailing vortices in spray clouds in all tests and non-occurrence of vertical displacement for
airborne spray at wind speeds ≥ 2 m/s. They concluded that small cross-section wind tunnels are
unsuitable for quantifying drift potential.
Random-Walk Models
Random-walk procedure is one approach used to model spray transport of aerially applied
spray material where the paths of individual droplets are tracked from release until deposition.
Reid (1979) undertook a new look at this procedure as applied to vertical dispersion in the
neutral surface layer and compared the integrated cell volumes with numerical solutions for 500
trajectories. Analytical and numerical concentrations were strongly correlated and the vertical
distribution variance assumed by Gaussian profiles seemed fairly valid. However, an optimum
source height resulting in a maximum standard deviation increased with downwind distance. He
found a good agreement between his Markov Chain simulation results of vertical dispersion in
the neutral surface layer and experimental data. Thompson and Ley (1983) also described a
random-walk model of evaporating drops they used to estimate spray drift. Hobson et al. (1993)
studied the effects on spray drift of nozzle type, angle, and operating pressures for boommounted hydraulic nozzles operating over a range of meteorological and crop conditions using a
random-walk approach.
To reduce dependence on pesticides or amount used, with associated emission and drift,
Holterman et al. (1994) developed the two-dimensional random-walk simulation model
IDEFICS (IMAG program for Drift Evaluation from Field sprayers by Computer Simulation).
This could predict spray drift resulting from a crosswind from a conventional boom sprayer
using flat fan nozzles. They observed a good agreement between predicted emission to soil and
experimental results although there was an overestimation of airborne drift 5 m downwind which
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they attributed to difficulty in catching very small droplets. They acknowledged the continued
difficulty in quantifying the effects of boom height, forward speed, and wind velocity on
entrainment.
Turbulent Jet Flow Models
Sprays behave like jets because both expand and reduce speed as they move away from the
discharge source. Abramovich (1963) has dealt extensively with the concepts of spray, jets, and
turbulence in his work, which serves a great purpose as a theoretical background for
understanding turbulent jet theory. The need to understand this turbulence theory is paramount in
modeling spray transport, as in transport to target canopy in air-assisted spraying of fruit and tree
crops.
Sidahmed and Brown (2001) studied and evaluated a computational fluid dynamic code
(FLUENTTM) in simulating the airflow from free round jets and compared the simulation results
to Abramovich‘s (1963) theory of free turbulent jets. They found significant agreement between
the two. Delele et al. (2007) developed a CFD model that could predict the droplet dispersion
from a cross-flow air assisted sprayer, accounting for nozzle characteristics and the liquid
atomization, and validated the model predictions with field data.
Other Important Models
Evaporation rate is important in spray modeling and most spray models incorporate models
for evaporation. Teske and Hill (1995) used modeling approach to describe the evaporation rates
of agricultural spray materials. They considered the assumption that physical properties of the
evaporating spray material primarily behave like water. Moyle et al. (2006) studied and modeled
the evaporation of water droplets under laboratory conditions.
Miller et al. (1996) adapted a model to predict entrained air velocities to compare with
experimental results. Using the model, they determined entrained air velocities caused by droplet
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movement – from an agricultural flat-fan nozzle through the air – in vertical and radial directions
inside the spray by measuring the velocities of small tracer droplets. They used a PMS laser
imaging probe to measure the distributions of droplet volume median diameter (VMD) and mean
liquid velocity in the spray. Radial air velocity component were observed to decline with
distance from nozzle and angle from the centerline. Spray pattern varied significantly with
distance below nozzle, and the VMD was largest at the spray edges, which was consistent with
other evidence that the edges at the spray sheet contain larger droplets.
Vieri and Spugnoli (1996) developed a computer model to control both spray and airstream
suitability. The model could predict droplet behavior relative to temperature, humidity, and wind
variations. They defined working thresholds to avoid dangerous and expensive waste of
chemicals, and with this model they hoped to ensure necessary pesticide deposition on whole
canopy sides. It was possible to indicate minimum spray dimensions to avoid evaporation losses.
They concluded that it was easily transferrable to and implementable on a tractor instrument to
use in spraying operations.
Spray modeling at the spray-plant interface has been attempted by some researchers.
Brazee et al. (1991) modeled the spray impaction on foliage using a partitioned-energy method.
They noted that the target foliage provides significant drawback to effective application and
retention of spray material upon impaction on. Giles et al. (1991) experimentally characterized
the flow field produced by a stationary dual-source air nozzle near the nozzle. Using a He-Ne
laser, they provided an accurate reference axis for all velocity measurements and determined
turbulence intensity for all tests at each sampling point along the flow centerline. They compared
their results with mathematical models and previous experimental data and concluded that mass
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flow rate is proportional to the product of centerline velocity and the square of the downstream
distance.
Hewitt et al. (1997) provided, as examples, comparisons of possible trends that would be
expected if specific variables within the control of many applications are varied. They reported
an effective 48% decrease in deposition rate at 0 m, using full swath adjustment. At boom
lengths more than approximately 76%, the ―medium‖ spray resulted a deposition profile like that
of a ―fine‖ spray. Also, with boom length of 50%, the profile was like that of a ―Base Case
Coarse‖ spray at distances equal to 26 m. An approximate 50% decrease in deposition rate was
observed at 15 m downwind from the field edge when the emission height decreased from 3 m to
1.5 m. At this distance downwind, using boom length of 60% resulted in an approximate 55%
decrease in the deposition rate compared to a 75% boom length. A decrease in boom length from
80% to 50% gave a decrease in effective swath width from 22 to 17 m.
Meteorological Measurements in Model Evaluation
Spray models, with real-time meteorological data that drive them, can be useful in assisting
informed on-site spray management decisions during the spraying operation. Miller et al. (1994)
provided information on the meteorological measurements needed to run FSCBG, AGDISP, and
VALDRIFT (Valley Drift) models. They indicated that the weather data necessary to support an
experiment strongly depends on the equipment design. VALDRIFT solves the transport,
diffusion, and deposition of an inert cloud emitted from multiple point and/line sources in a
valley atmosphere where these sources may be at ground level or elevated and the release rate
from each source can vary with time. Thistle et al. (1996) provided the technical description of
VALDRIFT 1.0 and its validation. Allwine et al. (1997) described the model where the dominant
physical process governing atmospheric transport and diffusion are treated explicitly in the
model in a highly parameterized fashion.
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Xu et al. (1997) presented and validated a stochastic transport model used to analyze the
turbulent dispersion of spray droplets from air-assisted sprayers. Brown and Taher (1999)
developed a ―virtual nozzle‖ to simulate spray deposition on leaf targets in a soybean plant
canopy under conditions of steady wind and sprayer motion. They modeled the process of
dynamic transport of droplets from the nozzle to the target, accounting for the effects of sprayer
motion, wind, and evaporation. They validated the virtual nozzle and transport model data from
experiment in a canopy under controlled conditions in a wind tunnel.
Teske et al. (2004a) discussed the use of experimental data in validating a simple model for
ground sprayer simulation. Recently, Richardson and Thistle (2006) performed further validation
of AGDISP using results from a field study designed to measure spray deposition profiles within
a young radiata pine canopy.
Review of Selected Modeling Approach
The dynamics of the spray system consist of the complex interaction of the processes of
atomization or spray droplets formation, spray transport with change in mass flux as a result of
expansion of the spray cloud, deposition on the intended target as a result of interception, ground
deposition and spray drift and deposition beyond the intended target. Deposition on the intended
target, for instance a tree canopy, consists of spray penetration, distribution within the canopy,
impaction and retention on leaves, deposit formation, and movement on or into the plant for
physiological effect. These components have varying degrees of importance to the entire system
and different authors have looked at them either in isolation or as composite. Some authors have
worked on aerial application whereas others have dwelled on ground applications. However, the
approaches used to tackle one type of application could have same or similar relevance to the
other.
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Reid‘s random-walk model (Reid, 1979) divides the atmosphere of concern into cells,
which are the smallest volumes for which concentration can be resolved. The total time particles
spend by all the particles in each cell is proportional to the concentration in that cell. Practical
calculations are done at short time increments with the number of increments all particles spend
in each cell volume accumulated. Thompson and Ley‘s (1983) random-walk model assumes that
trajectories of individual drops can be represented by discrete displacements. These
displacements are determined partially by a random selection from appropriate Gaussian
distributions of turbulent air velocity.
The model of Miller (1980) describes deposition of spray droplets, which he considers to
be from a volume source. In this model, he has assumed negligible diffusive transport (passive
droplet diffusion), no horizontal wind velocity change over height above grade, cloud movement
corresponding to local wind velocity and direction, and no evaporation, coagulation, or
deformation. The model accounts for the effects of spray droplet size distribution, spray
formulation, active material proportion in released cloud, spray emission height, and swath width
and length.
Atias and Weihs (1985) model assumes mono-size spherical drops, no collision or other
secondary inter-drop occurrences, no change in flow field due to spray presence, and no
evaporation effect on drag force. The model describes mass transfer through an equation that
accounts for diffusion and boiling effects. The empirical Gaussian plume model is based on
geometrical similarity. This approach has been employed for several engineering purposes with
good satisfaction.
Milton-Hill model (Teske and Hill, 1995) works on some very basic but significant
assumptions: that evaporation remains water-like when spray materials are added to the tank mix
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and that no matter what is added to the tank mix, as long as the continuous phase is water, the
sprayed material will behave like water when it evaporates. The one-dimensional model of
Miller et al. (1996) accounts for kinetic energy exchange between the droplets and the air. The
model assumes mono-dispersed spray and neglects the effect of gravity, which is reasonable
where the difference between droplet and air velocity is large and droplet diameter is small. The
model also neglects the frictional resistance to air movement caused by viscosity.
VALDRIFT considers the atmosphere of concern as consisting of flow tubes aligned along
the valley axis. A one-dimensional species conservation equation is solved along the valley axis
of each flow tube with interactions between flow tubes handled through source-sink terms in
individual conservation equations. According to Allwine et al. (1997), the conservation of
species equation for each flow tube is integrated using fully explicit finite difference scheme
consisting of forward Euler differencing in time, upwind differencing for advection, and central
differencing for diffusion, and it requires initial conditions to solve.
Vieri-Spugnoli model (Vieri and Spugnoli, 1996) assumes that the canopy offers an
aerodynamic resistance proportional to the square of airspeed and that the fluid density
undergoes an exponential decay as a function of the canopy width. Xu et al. (1997) model used
transmission probability to account for the impaction and deposition of droplets on a crop surface
at a point in space. The model assumes that velocity fluctuations are isotropic with a Gaussian
probability density distribution. They simulated the 3-D turbulent flow field created by the air-jet
and sprayer movement and used the results as inputs for solving the stochastic transport model to
determine spray distributions in the field. The model assumes the initial velocity of droplets to be
that of surrounding air jet and represents the trees as cubes, a simplification that reduces
accuracy of predictions.
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Review of Some Expert Systems
In a knowledge-rich world where large numbers of decisions are made by managers
concerning resource allocation, process control, and production efficiency, several decision
options may exist for a given problem. Generally, these decisions range from simple to complex.
The use of knowledge of varying kinds and quantities are involved in these decisions and
managers can derive benefits from the use of technology known as expert systems (ES)
(Nikolopoulos, 1997). These systems make use of artificial intelligence programming techniques
in solving well-defined problems, and store and process certain kinds of knowledge much faster
than humans, particularly in situations where human experts are not available to assist in
deciding on the feasible options. These enhance efficient decision making process, and failure to
exploit such opportunities, can place a manager at some disadvantage.
Several ES have been developed over the years to meet various agricultural management
needs. Ozkan (1987) utilized a decision support system in identifying defective nozzles and
determining errors in speed and application rate. Plant (1989) developed an integrated ES for
decision support in agricultural management. Initial development consisted of a package of
modules for cotton and another for peaches management. Beck et al. (1989) developed an ES to
advise Florida soybean farmers in managing four key pests of soybean. Freeman and Ayers
(1989) developed an ES to assist farmers in tractor selection from a list of tractors that best suit a
user-specified operation. Freeland and Howard (1990) developed an ES to assist the selection
and use of ground sprayer nozzles. The system could select up to three nozzles given a userspecified application.
Han et al. (1991) developed an ES for diagnosing technical problems of agricultural
sprayers. VanDevender et al. (1994) developed an integrated management support system that
can provide recommendations for controlling weeds in rice production. Mansingh et al. (2007)
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developed an expert system for Jamaica coffee pest and disease management. Landers and Gil
(2009) evaluated and modified the DOSAVIÑA software, which was developed by Gil and
Planas (2003) to optimize pesticide volume rates in vineyard applications. Gil and Escolà (2009)
presented the design details of the DOSAVIÑA software. These tools are important contributions
to the domains for which they were developed. Several other expert systems have been
developed for different management purposes in a variety of domains. The ES developed in this
study also aims at making a significant contribution to air-carrier spraying of citrus.

Table 2-1. Classification of sprays.*
Classification
Size Range (µm)
Aerosols
< 50
Mists
51 – 100
Fine
101 – 200
Medium
201 – 400
Coarse
>500
*Obtained from Willis and McDowell (1987).
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CHAPTER 3
MODEL DEVELOPMENT AND SIMULATION STUDY
Spray penetration into a target tree canopy is critical in orchard air-assisted spray
applications. Often, spray off-target losses occur due to several interacting factors. According to
literature, these factors include pesticide properties, sprayer design, spray application parameters,
tree and orchard characteristics, and weather parameters. The complex nature of the interactions
of these factors makes spray deposition very unpredictable.
Several research efforts have gone into attempting to understand the complex interactions
of the influential factors via wind tunnel experiments, open field experiments, and in-orchard
studies (Salyani and Cromwell, 1992a & 1992b; Holterman et al., 1994; Salyani, 1998; Koo et
al., 2000; Svensson et al., 2003), with very insightful findings. These provide a basis for
formulating spray deposition models that can increase knowledge about the application system
and thus contribute to off-target loss reduction.
Until recently, most agricultural spray models were created for aerial spraying (Miller,
1980; Callander and Unsworth, 1982; Atias and Weihs, 1985; Ekblad et al., 1987; Mickle, 1987;
Steinke and Yates, 1989; Bilanin et al.,1989; Teske et al., 1990; Barry et al., 1992; Parkin and
Wheeler, 1996); very little had been attempted in the area of ground air-assisted tree spraying
(Sidahmed and Brown, 2001; Brown and Sidahmed, 2001; Walklate et al., 2002; Farooq and
Salyani, 2004), particularly in citrus which is the backbone of Florida‘s economy. Meroney
(1990) reviewed and classified aerial spray models. Although the phenomenon of ground airassisted orchard spraying is fairly different from that of aerial forest/orchard spraying, several
concepts in the latter are relevant to the former.
In airblast spray applications, atomization of the spray liquid is achieved by hydraulic
pressure which forces the spray liquid through the small orifice of the nozzles. With the pressure
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alone, the spray can travel up to or beyond a meter. However, the air blast serves to carry the
spray droplets to the intended target tree canopies and could carry the spray to several meters
away. Random-walk procedures have been used to model spray transport of aerially applied
sprays where the paths of individual droplets are tracked from release until deposition (Reid,
1979; Thompson and Ley, 1983; Holterman et al., 1994). This procedure may be applied to
airblast spray cautiously since droplet velocities are much higher in airblast sprays. Spray
penetration into the canopy is aided by the opening of the leaves as the turbulent spray-entrained
airstream (spray cloud) passes through. Da Silva et al. (2006) proposed a Lagrangian model to
simulate spray behavior within vine canopies. Some spray droplets deposit on intercepting leaves
within the canopy. The amount of deposition has been used as an indicator of the penetration
(Juste et al., 1990; Harvey et al., 1990).
The spray may be discharged either radially using conventional airblast sprayers, or
horizontally using tower sprayers. Air-assisted sprays behave similarly to air jets in that they
both expand and reduce speed as they move away from the point of discharge (Abramovich,
1963). Lately, computational fluid dynamics (CFD) has been explored as a practical means of
elucidating sprayer design characteristics and operational adjustments in a more controlled
manner (Xu et al., 1998). Both semi-empirical relationships and fundamental conservation laws
have been used to describe the development of air jets (Walklate et al., 1996; Delele et al., 2005).
Sidahmed and Brown (2001) evaluated a CFD code FLUENT™ in simulating the airflow from
free round jets and compared the simulation results to Abramovich‘s (1963) theory of free
turbulent jets. They found significant agreement between the two. Delele et al. (2007) developed
a CFD model that could predict the droplet dispersion from a cross-flow air assisted sprayer. It
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could account for velocity variation at the fan outlet and the type, position, size, and direction of
nozzles and the liquid atomization.
Farooq and Salyani (2004) modeled the spray transport, penetration into and deposition on
a citrus tree canopy. They handled the spray transport from a tower air-carrier sprayer as a
control-volume problem, dividing the spray transport into two phases: transport from sprayer to
the tree canopy boundary, and droplet displacement within the canopy. However, the horizontal
transport of a spray cloud discharged from a vertical source with a rectangular cross section may
also be viewed as passing through several connected bounded spaces (compartments). This idea
is somehow similar to the moving control volume and could be an alternative modeling
approach.
The current model is based on the compartment modeling approach. It has been developed
to predict on-target deposition from a typical airblast sprayer, configured with radial air outlet.
Such sprayers are commonly used in citrus orchard applications. This chapter presents the
technical details and summary of simulation studies of the model.
System Description
The model is developed using a systems approach. The system diagram is shown in Figure
3-1, where the components are Spray Application, Orchard Characteristics, and Citrus Tree
Structure. Spray Application is a management operation. Orchard Characteristics consist of row
design, spacing, and number, tree spacing and number per row, and number of missing trees.
Citrus Tree Structure includes tree height, skirt height, canopy radius, and foliage density.
Application parameters, consisting of nozzle number, pressure and flow rate, tank mix
properties, sprayer airflow rate and speed, and ground speed, are fed into the system as inputs.
Spray application to the citrus trees is influenced by orchard condition and the tree structure.
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Weather factors, external to the system, influence spray application to the trees. The outputs
from the system are droplet evaporation, on-target deposit, ground deposit, and drift.
In Figure 3-2, the tank liquid is transformed from source into spray droplets in transit and
transported towards the target canopy. During transport from the source to the canopy boundary,
where droplets undergo size reduction due to evaporation, part of the spray deposits on the
ground while part drifts away due to turbulence in the spray cloud that causes spray droplets to
become detrained. While passing through the canopy, part of the spray may be deflected or
drifted due to the canopy shape and density, part may deposit on intercepting foliage, and part
may again deposit directly on the ground or indirectly through runoff from the leaves. The
remaining spray emerges from the other side of the canopy boundary and may deposit on the
ground, drift away, or deposit on the next canopy rows (Salyani et al., 2007). Nevertheless, the
model presented in this chapter is restricted to the immediate rows next to the sprayer.
Plume Geometry
The dispersion of spray cloud discharged horizontally from a continuous source of vertical
rectangular cross section may be visualized as a truncated rectangular pyramid (Figure 3-3). In
reality, the cross section of the spray cloud expands (in both vertical and horizontal dimensions)
and the spray decelerates with distance due to drag. As the spray cloud moves away from the
source it may be further viewed as passing through several compartments (imaginary slices of
fixed depth, ∆x) of similar geometry but increasing cross-sectional area and volume
corresponding to the expansion of the spray cloud. At a certain distance from the source the
spray cloud is intercepted by the ground, resulting in ground deposits. Between the spray source
and the point of interception, there is additional ground deposit resulting from spray cloud
turbulence.

60

Assumptions
Formulating the model involved the following assumptions: (1) continuous flow – The
spray cloud formation is continuous and both airflow and spray liquid discharge at the sprayer
outlet are constant for sprayer distance travelled during simulation time; (2) spray cloud is
incompressible; (3) slippage (relative motion between the spray droplets and the airstream) is
negligible, i.e., droplets move at the same speed of the transporting airstream (Xu et al. 1997, Lal
et al., 2010); (4) inertial spray diffusion in the direction of spray discharge is negligible relative
to the diffusion by the airstream, i.e., sprayer airflow is the primary source of droplet movement
(Lal et al., 2010); (5) there is no reflection of spray cloud from the ground surface, i.e., the
amount of spray that reaches the ground deposits on the ground; (6) physio-chemical properties
of the spray liquid do not change during droplet transport; (7) homogenous distribution of
droplets within each spray compartment; and (8) the spray cloud width expands in the horizontal
dimension, perpendicular to spray direction, by a factor of 0.1 of the distance from the sprayer
outlet (Rajaratnam, 1976).
Spray Mass Compartments
With reference to the 3-dimensional view of the first three compartments of spray cloud
from a rectangular cross section spray source (Figure 3-4), the cross-sectional area ( Axk ) and
volume ( V xk ) of the kth compartment are given by the following formulae:
Axk  ak bk  (a0  kx(tan1  tan 2 ))(b0  0.1kx)

(3-1)

Vxk  xAxk

(3-2)

k = 1, 2, …,n

Air/Spray Velocity
As the spray cloud moves away from the sprayer outlet, there is a variation in the
horizontal velocity at the cross section of each compartment. It is assumed that the relationship
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between the centerline air velocity at source and that at a distance away is applicable to mean
spray velocity at the entry cross section of compartments (Farooq and Salyani, 2004). Thus, the
mean air velocity at the entry cross section of the kth compartment ( ua, xk ) is written as:

u a , xk

 A
 u a ,0  0
 Ax
 k






0.5  p

k = 1, 2, …, n

(3-3)

where, exponent ― p ‖ represents the sprayer ground speed contribution to the reduction rate of
the mean spray velocity, defined as
p  0.15(ua, xk 1 S ) 0.5

(3-4)

where, S is the ground speed of the sprayer (Farooq and Salyani, 2004). It should be noted that
Equation 3-3 is applicable to the air in the free space up to the tree canopy boundary, or where
there is no tree at all.
Droplet Size Distribution
Droplet size distribution of agricultural spray differs from one application to another
(Reichard et al., 1977). The American Society of Agricultural and Biological Engineers
(ASABE) has grouped these sprays into different categories (ASABE Standard S-572; Teske et
al., 2004b). Data for the various categories, contained in the AGricultural DISPersal model
software (AGDISP Version 8.21), were fitted with the Chapman-Richards function (Blank and
Krantz, 2005) in SigmaPlot software (Systat Software Inc., San Jose, CA), in the form



F   0 1  e  1D



2

(3-5)

where D is droplet diameter in µm, F is the fraction of the total liquid volume contained in
droplets of diameter less than D, and β0, β1, β2 are positive regression parameters to be
estimated. Parameter β0 is the asymptote (which is set to 1), β1 is the slope, and β2 establishes the
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point of inflection. These were plotted against volume median diameter (VMD) and tabulated for
determination by interpolation, with the following approximate relationships:
1  0.7461VMD 0.814

(3-6)

 2  0.0077VMD   3.0231

(3-7)

Therefore, with the VMD known, the droplet distribution reconstruction could be obtained by
using Equations 3-5 through 3-7, and the range of droplet size established. This size range is
divided into a desired number of classes (n), with the midpoint (class mean droplet size ( D c )) as
the representative droplet size (Reichard et al., 1977; Bluman, 2001). This approach discretizes
the size of droplets generated with the VMD information.


The fraction of the total liquid volume contained in a droplet size class ( Fc ) is calculated as
the difference between the values of F (F is cumulative) for the upper and lower class limits. The
mass of the mean droplet ( m c ) can be obtained as,
mc 

Dc3
6

l

(3-8)

where,  l is the density of the spray liquid. The rate of droplet generation at the sprayer outlet is
the summation of droplet generation rates of all mean droplets, i.e.,
n
dN c
dN n
dN1 dN 2
dN



 ... 
dt
dt
dt
dt
c1 dt


dN c
6 FcVl

dt
Dc3

(3-9)

(3-10)

where Vl is the volumetric flow rate of the spray liquid.
Spray Dispersion
The mass of spray liquid in a given compartment is a contribution of masses of all droplets
in the compartment. In the transfer of spray from one compartment to another (Figure 3-5A), not
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all the droplets get to move to the subsequent compartment. Due to turbulence in the spray cloud
some of the droplets may become detrained from the spray cloud (also known as fallout). These
droplets may either drift away by the wind or deposit on the ground. However, the proportion of
droplet fallout that deposits on the ground and that portion which drifts are both variable. These
are represented in Figure 3-5B, based on which the rate of change of mass of spray in the
compartment up to the tree canopy boundary is derived as

dm x (t )
 f in, x (t )  f out, x (t )  f vap, x (t )  f drift, x (t )  f grnd, x (t )
dt

(3-11)

While passing through the tree canopy, spray droplets undergo further size reduction due
to evaporation. Also, part of the spray is captured by the canopy to result in deposition, part
deposits directly on the ground or indirectly through runoff from leaves due to excess deposition.
Each leaf has a finite holding capacity which if exceeded results in spray runoff. These are
represented in Figure 3-5C, based on which the rate of change of mass of spray in a compartment
inside the tree canopy is derived as
dmx' (t )
 fin, x' (t )  f out, x ' (t )  f vap, x' (t )  f dep, x ' (t )  f runoff, x '  f grnd, x '
dt

(3-12)

where x ' (horizontal distance from the canopy boundary to a point within the canopy) can be
calculated from Equation 3-13.

x'  x  12 ( RS  SW )  Rt 

(3-13)

Equation 3-11 and 3-12 attempt to account for all the spray material that is discharged. However,
in reality, this is very difficult to achieve (Miller et al., 2003).
Spray mass inflow/outflow
The rate of liquid mass inflow into Compartment 0 (immediately at the sprayer outlet) can
be obtained as
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n

f in, x0 (t )   mc
c 1

dN c
dt

(3-14)

To obtain the mass inflow of dye (or active ingredient), the inside of the summation of Equation
3-14 is multiplied by the dye concentration in solution (Cl). For the purpose of simulation, the
sprayer is modeled to move in discrete steps in the forward direction. The length of each discrete
step (which is the discrete increment of the sprayer‘s forward motion) equals the width of the
sprayer outlet. Only one side spray application is simulated and mirrored unto the other. The
two-dimensional spray dispersion from the sprayer outlet is repeated in each step, with a delay
time of
td 

b0
S

(3-15)

which determines the amount of spray that is released into the first compartment, of each step,
using Equation 3-14.
The rate of mass inflow to Compartment 1 is a function of the mass remaining in
Compartment 0 in the previous time step, and so on. The total spray mass over compartment
volume of the previous compartment determines the source spray density and the cross-sectional
area of the current compartment determines the amount of spray that can enter per time unit.
Therefore, the rate of mass inflow to compartment k is given by

f in, x k (t ) 

ua, x k Ax k
Vx k  1

n

 mk 1,c N k 1,c

k = 1, 2, …, n

c 1

(3-16)

and is the rate of mass outflow from compartment k–1 (the preceding compartment). The rate of
mass inflow to the first compartment inside the canopy is the rate of mass outflow from the last
compartment n at the tree canopy boundary multiplied by the fraction of compartment volume
( c ) that falls within the canopy boundary:
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f in, x '0 (t )  c  f out,n, x (t )

(3-17)

After that, the rate of mass inflow to any compartment j inside the canopy is expressed as
fin, x ' j (t ) 

ua, x ' j Ax '
Vx ' j 1

n

j

 m j ,c N j 1,c

j = 1, 2, …, m

c 1

(3-18)

Droplet evaporation
The rate of spray mass evaporated from any compartment depends on the overall rate of
droplet evaporation. The rate of decrease of the mean droplet diameter of a droplet size class due
to evaporation with respect to time, as suggested by Thompson and Ley (1983), is given by



1
1
 M  DCv   a  p 
dDc
   2  0.55Sc 3 Re 2
 2 v 
dt
 M a  Dc  l  pa 



(3-19)

where Sc  l / l DCv and Re  ua Dc l  l are Schmidt number and Reynolds number,
respectively, where the simplicity of the treatment is maintained by assuming that the transfer of
mass occurs similarly to pure water droplets until only the non-volatile proportion remains. Thus,
for water-based sprays,





 3.58p 1013 
dDc
1/ 2
 2  124ua Dc  (Thompson and Ley, 1983)
 
dt
Dc



(3-20)

Assuming spherical droplets, the rate of volume decrease of the mean droplet of a droplet
size class with respect to its diameter is given by

dVc  2
 Dc
dDc 2

(3-21)

The rate of change of droplet mass is obtained by multiplying the product of equation 19
and 20 by the spray liquid density, i.e.,
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dmc dVc dDc
1/ 2


 l  1.79 1013 l pDc 2  124ua Dc 
dt
dDc dt



(3-22)

where, p  67(Tdb  Twb ) (Thompson and Ley, 1983) is the vapor pressure difference in Pa,

Tdb is the dry bulb temperature in °C, and Twb is the wet bulb temperature in °C. The total rate
of decrease of droplet mass over all droplet size classes in a compartment is

dmvap
dt

n

n
dmc
dmc
  Nc
dt
c 1 dt
c 1



(3-23)

Thus, the rate of mass evaporation is given by

f vap, x  

dmvap

(3-24)

dt

Potential spray drift
Spray mass drift is a function of droplet size, wind speed, and wind direction. The rate of
spray mass drift from any compartment k is the summation of masses drifted from all droplet size
classes, i.e.,
n

dN c ,drift,k

c 1

dt

f drift, xk (t )   mc ,k

dN c ,drift,k
dt



k = 0, 1, 2, …, n

N c ,k
U Ry
bk

(3-25)

(3-26)

where U Ry is the instantaneous droplet velocity in the y-direction due to the resultant force
acting on it by the interaction between spray airstream and ambient wind. It is further assumed
that the air velocity is so high such that buoyancy effect on droplet, resulting in upward drift, is
ignored.
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Ground deposition
Direct ground deposition occurs by direct interception of the spray cloud by the ground
surface and fallout due to spray cloud turbulence. The vertical distance from the ground to the
lower boundary of the kth compartment (upward direction is positive) can be determined as

H a , xk  xk tan 2

(3-27)

where H a 0 is the height of the air outlet above ground level, and H a, xk is the vertical distance
between the ground and the lower boundary of the spray cloud. Where H axk > H a ,x0 for a given
compartment, ground deposition occurs by interception in that compartment. The cumulative rate
is obtained as the fraction of mass inflow that is captured by the ground (Figure 3-3):

 H a , xk  H a , x0
f grnd1, xk (t )  
ak



 f in, xk (t )



(3-28)

Ground deposition due to fallout is a function of the droplet mass and gravity, and is assumed as
n

dN c , grnd2

c 1

dt

f grnd2, xk (t )   mc

dN c , grnd2
dt



(3-29)

Nc
U Rz
b

(3-30)

where U Rz is the instantaneous droplet velocity in the downward direction due to the resultant
force acting on it by the interaction between spray airstream and gravity.
Canopy deposition
As the spray cloud passes through the canopy, further decline of the air velocity occurs due
to momentum absorption by the leaves. The air velocity at the entry cross section of the jth
compartment inside the canopy can be obtained from the equation suggested by Da Silva et al.
(2006):
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ua , x ' j  ua, x '0 exp( Cn x ' j ' x' j )

j = 1, 2, …, m

(3-31)

where u a ,x '0 is the air velocity at the canopy boundary and C n is the drag coefficient of the
canopy.
The occurrence of deposition depends on the leaf density within the canopy and the
retention capacity of the leaves. The rate of spray mass deposition within the canopy is proposed
to be given by
f dep (t )  mi, x'ua, x' x'e

(3-32)

where, e , the fraction of exposed leaves, has to be estimated. The leaf area density proposed by
Farooq and Salyani (2004) as a modified Gaussian distribution function is modified as in the
sprayer forward direction and expressed as:
1

 x'   M

  x' R  2 
  y ' Rt  2  2
t
  r exp 

exp



 2 
 2 

 

(3-33)

for a single tree and



 x '   M   r exp 

x' Rt  2 
2




(3-34)

for a hedgerow, where Rt is the radius of the tree canopy, H t is the height of the tree, and  M ,
the maximum leaf area density,  r , the leaf area density range, and  2 ,the variance of change in
leaf area density along the canopy diameter, are to be estimated. Equation 3-33 assumes that the
tree is symmetric about the vertical axis through the trunk.
The maximum deposition that can occur is limited by the retention capacity of leaves, c .
This may be expressed as

mdep,max  c x ' Ax ' x' l

(3-35)
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Any further deposition that occurs would result in spray runoff.
Model Simulation
The purpose of this step was to numerically solve the set of equations presented in the
preceding text to result in a time series behavior of the state variables. To achieve this, the model
equations were converted into finite difference equations by Euler Method. This technique is
equivalent to the Taylor series expansion with only the first derivative term included explicitly
(Jones and Luyten, 1998). Although relatively less accurate than other methods, like the
Trapezoidal and second order Runge-Kutta methods, it was selected for its simplicity and ease of
use. This was to reduce the computer memory needed and the simulation time required.
Consideration for Time Step and Compartment Thickness
Similarly to every time-dependent model simulation, temporal discretization is an
important element in this model. The choice of the time step (Δt) value depends on the timescale
of the model and how fast the system changes with time. A slow-changing system requires a
large Δt, whereas a rapidly-changing system calls for a smaller Δt. While a large Δt may reduce
the number of time points (and the amount of data) for a fixed sampling time, an inappropriately
large Δt introduces system instabilities, resulting in erroneous outcomes. On the other hand, a
small Δt may smoothen data but will also increase computational time. However, an optimum Δt
will give a smooth data at a relatively moderate computational time.
Spatial discretization is also essential in numerically approximating the solution of an
otherwise continuous space-dependent model. This may be achieved by using finite differencing,
which is the case for the model presented here. The size of the fixed difference (Δx) has an effect
on the model output similarly to Δt in a time-dependent model. For models that depend on both
time and space, like this one, it is often necessary to devise criteria for selecting a pair of Δt and
Δx that will optimize the output. In some complex models, the best practical approach is to use
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trial-and-error. The rest of this section studies the local sensitivity of Δt and Δx on system
behavior and proposes criteria for selecting optimum Δt and Δx.
Model scale
The dispersion of spray discharged from one side of an airblast sprayer through a single
tree or tree row at one forward step location, can last within a few seconds, and depends on the
sprayer air velocity. For instance, model observation has shown that a discharged spray mass
dispersed within 2 s through a 5-m distance in an open space (Larbi and Salyani, 2010). Citrus
trees are planted at a maximum of 7.6 m row spacing, making the distance from sprayer outlet
through a single tree within about 7 m. Also, sprayer air velocities range between 20 and 70 m/s
(Yates et al., 1985), making the bulk of a discharged spray to pass the space within very few
seconds. Due to these high velocities, Δt needs to be appropriately small for stability.
Sensitivity to temporal and spatial difference
Several model simulations were run to observe model output from different combinations
of Δt and Δx. Figure 3-6 shows comparison between simulation results for spray dispersion using
different Δt at various Δx. Each curve represents airborne spray mass with distance from sprayer
outlet, cumulative over time. It can be observed that there is no difference between curves
obtained with Δt = 0.0005 and 0.0008 s at all values of Δx. At Δx = 0.5 and 1.0 m, the curves
obtained with Δt = 0.0005 and 0.0008 s are highest at the near side and lowest at the far side,
compared to curves obtained with Δt = 0.002 and 0.004 s. At Δx = 0.2 and 0.1 m, the curves
obtained with Δt = 0.0005 and 0.0008 s are highest throughout, followed by curves obtained with
Δt = 0.002 and 0.004 s, respectively, and the curves are closer at the far side. Additionally, it can
be observed that the higher the value of Δx, the faster the curves tend to zero.
Figure 3-7 shows comparison for spray dispersion using different Δx at various Δt. Similar
trends can be observed. The curves are not different at the near side. However, it can be
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generally inferred that for increasing Δx, the curves increase in height indicating larger predicted
airborne spray mass.
The plots of spray dispersion with time, cumulative over distance up to 5 m, for different
Δx at various Δt are shown in Figure 3-8. The time point corresponding to the peaks of the
curves indicate the point where the sprayer just makes a discrete forward move, that is, where
spray discharge from the sprayer has ceased for the current location. For all values of Δt, the
curve heights increase with decreasing values of Δx. Figure 3-9 also shows that these heights
increase with increasing values of Δt at all values of Δx.
Sampling time
The sampling time used for simulating the model determines the computational time, for a
given Δt. For a combination of Δx and Ua,0 at a given Δt, the maximum sampling time that may
be used is finite. Figure 3-10 shows the maximum sampling time for different combinations of
Δx and Ua,0 at Δt = 0.002 s. Time points beyond the maximum sampling time produce
indeterminate data.
Optimum time step
Analysis of simulation data provided a basis for optimizing the selection of Δt. This
selection should be based on the values of Δx and Ua,0. The proposed relationship is represented
by the following equation:
t 

x
ua , 0

(3-36)

The plot of Equation 3-36 is shown in Figure 3-11. Using the proposed selection criteria
for Δt, seven simulations were run with Ua = 45 m/s at different Δx values. Figure 3-12 shows a
comparison between simulated airborne spray mass for the various combinations over time.
Essentially, they produce the same curve. However, the height of the peak observed around 0.1 s
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increases with increasing Δx. A local minimum can be seen in 1.5 and 2.0 m curves, indicating
increasing instability with increasing values of Δx.
Figure 3-13 shows simulated airborne spray mass (cumulative over time) with distance
using the optimum Δt/Δx combinations. Generally, the height of the curves decreases with
increasing values of Δx. However, there is not much observable difference between curves with
Δx = 0.1, 0.2, and 0.5 m. Thus, in this case, choosing 0.5 or 0.1 m may not give significantly
different values. But, there is a pro for choosing one over the other. Selecting 0.5 m will give
fewer points in space and thus less time would be involved in computation. However, in another
case, 0.5 m will give too few points such that 0.1 m would be a better choice.
Approach Used in Solving Droplet Evaporation
To solve for droplet evaporation, the rates of decrease of diameter and mass for all the
mean droplets were initialized to zero. Using Equations 3-20 and 3-22, these rates were
calculated for each time point and then the droplet sizes and masses, respectively, were obtained
by Euler integration over the sampling time defined. This corresponds to temporal evaporation of
the spray as represented by the first column of the grid shown in Figure 3-14. The mean time it
takes for droplets to travel across each compartment was calculated and used in Equations 3-20
and 3-22 to obtain these rates for each compartment. This corresponds to spatial evaporation of
the spray as represented by the first row of the grid shown in Figure 3-14.
The rates of decrease of diameter and mass of the mean droplets at each temporal-spatial
grid point were obtained by resolving the rates at the corresponding time point and compartment.
This is represented by the blue arrow cutting diagonally down the grid (Figure 3-14). Since it
was very difficult to precisely simulate the changes in droplet size and mass in the compartments
while atomization is ongoing into the first compartment due to their complexity, it was necessary
to place a constraint on the start of evaporation. Thus, in the simulation, evaporation is made to
73

start at time t d , where the sprayer has just advanced past the current forward location and there
is no release of spray into the first compartment. This means that all the mean droplets begin
evaporation at their original sizes and can be tracked adequately without the complexity of
dealing with other sizes. Figure 3-15 demonstrates results obtained with droplets of sizes of 76,
229, 382, and 535 µm, using the approach described above. It can be seen that the 76 µm
droplets completely evaporated within a little over 1 s, implying that they lose mass quickly and
are more prone to drift.
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Figure 3-1. Spray model system diagram.
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Figure 3-6. Simulated airborne spray mass with distance using different time steps at various
compartment thicknesses.
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Figure 3-8. Simulated airborne spray mass with time using different compartment thicknesses at
various time steps.
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Figure 3-9. Simulated airborne spray mass with time using different time steps at various
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Figure 3-12. Simulated airborne spray mass with time using optimum time step/compartment
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Figure 3-15. Plot of evaporating droplet size over time.
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CHAPTER 4
MODEL VALIDATION
In order to gain confidence in their use, all models need to be validated (Buranathiti et al.,
2006; Macal, 2005). Primarily, model validation refers to the process of quantifying a model‘s
performance, and the only objective test is with data that has not been used in developing the
model. Thus, data that has been used in estimating model parameters or, otherwise, to perform
cross-validation cannot be used to quantify model performance (Wallach, 2006).
The basic question that needs to be answered is whether a model embodies and
appropriately reproduces the behaviors of the real world system. Validation ensures that the
model meets its anticipated requirements. Eventually, the intent of validation is to make the
model used (Craig, 2004). At the end of the process is really not a validated model, rather, a
model that has passed all the validation tests. There is also at the end a better understanding of
the model‘s capabilities, and suitability for tackling a range of important questions (Bilanin et al.,
1989; Richardson and Thistle, 2006; Hoffmann et al., 2007).
Discussions of the methods and equations used in model validation can be found in
Wallach (2006). A critical first step in model validation is comparing model predictions with
experimental data (Duan et al., 1992; Farooq and Salyani, 2004). This helps to identify problems
with the model and offer ideas for improvement. Graphs are really valuable for providing a quick
visual summary of comparison between model and real data. There are also numerical
comparisons which may be simple measures of agreement or difference, normalized measures,
decomposable measures that provide extra sources of error, or measures that are based on model
quality threshold. For all of these, there is no single method that is considered best. Therefore, it
is essential to use a combination of these methods to explore the predictive quality of a model.
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The objective of this study was to validate the model presented in Chapter 3, establish
confidence in its usage, and provide basis for improving its predictive quality. In meeting this
objective, the model was validated in two parts, namely, dispersion and deposition. The
dispersion part focused on spray transport in an open space without a tree, which could represent
the space between sprayer outlet and tree canopy boundary or a missing tree scenario, whereas
the deposition part concentrated on spray deposition within the target tree canopy. Two field
experiments were conducted to collect appropriate data to compare with model predictions. The
data was not used in guiding model development and thus was considered appropriate as test
data. The rest of this chapter will describe the experimental procedures and results, and attempt
to use different methods to explore the predictive quality of the model.
Methods
Dispersion Experiment
The experimental setup (Figure 4-1) consisted of a structure made of polyvinyl chloride
(PVC) pipes that formed a spatial grid of five target distances (D1 = 1.6, D2 = 2.6, D3 = 3.6, D4
= 4.6, and D5 = 5.6 m) from sprayer outlet and three heights (H1 = 0.6, H2 = 1.8, and H3 = 3.0
m) for sampling airborne spray with vertical targets. Horizontal targets were also used at H1 to
compare with vertical targets, and at ground level (0 m). Spray targets consisted of absorbent
paper (Kimberly Clark, Irvin, TX) folded, and held onto plastic/acetate cards (5.4 cm X 8.9 cm)
by rubber bands.
Spray applications of a solution of a water-soluble fluorescence dye, Pyranine 10G
(Keystone Aniline Corporation, Chicago, IL), at a concentration of 100 ppm were made with a
PTO-driven tractor-trailed airblast sprayer (PowerBlast 500 Sprayer, Rears Manufacturing Co.,
Eugene, Ore.) attached to a Ford 7610 tractor (Ford Motor, Dearborn, MI) with PTO rpm of 540
at 2100 engine rpm. The sprayer had twelve nozzles per side and spray applications were made
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from the right hand side with all nozzles opened. Spray treatments consisted of combinations of
two Albuz ATR hollow-cone nozzles (Lilac and Blue) and two sprayer speeds (Slow = 2.4 km/h
and Fast = 4.8 km/h, nominal) in four replications (Rep 1 to 4). This resulted in sixteen spray
runs. Summary of the spray treatments is shown in Table 4-1. The applications were made on
October 6,7, 8, and 11, 2010 in the early mornings up to 10:30 am.
Samples were collected with a pair of tweezers into pre-coded sealable plastic bags after
each spray run and temporarily stored in an ice chest before sending to the lab for storage in a
refrigerator (Salyani and Hoffmann, 1996a ; Salyani, 2000b; Salyani et al., 2000). This was done
to minimize degradation of the dye deposits and to maintain the integrity of the original samples
(Hoffmann and Kirk, 2005). To minimize cross-contamination of unsprayed targets from one
spray run to another, the target holders, as well as the PVC structure, were wiped dry with a rag
before setting unsprayed targets for the next run. Also, each target was underlain on the target
holders with clean sheets of paper to avoid cross contamination.
A weather station with CR10 data logger (Campbell Scientific, Logan, UT) was installed
on the South-eastern side of the PVC structure to record weather data. The data (Table 4-2)
included dry-bulb temperature (Tdb), wet-bulb temperature (Twb), relative humidity (RH), wind
speed (Wspd), and wind direction (Wdir), and was recorded at a frequency of 1 Hz. The start and
run times of each spray application were recorded (Table 4-3) over a span of 30.5 m and used to
extract the relevant parts of the weather data. The spray samples were analyzed by fluorometry.
Fluorometric analysis of samples
Fluorometric analysis of the samples (Salyani 2000b) was done by replication. A variable
wash volume of deionized (DI) water, as washing liquid, was used for all the samples. A Turner
111 fluorometer (Turner Designs, Sunnyvale, CA) was used to analyze the samples.
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Data analysis
The Turner 111 fluorometer reads the fluorescence of each solution, say in Flx, at different
magnitudes (1X, 3X, 10X, and 30X). Sample data read at different magnitudes were used to
establish pair wise ratios between the different magnitudes. The ratios were sorted in ascending
order and averaged, leaving out 25% above and below. Since most of the data could be read at
the 3X magnitude on the instrument, all the data read on this instrument were converted to 3X
using the established ratios.
Standard solutions of different concentrations obtained from a stock solution of
concentration equal to the expected tank concentration were used to establish a relationship
between the fluorescence readings at 3X and actual concentrations (in ppb) of the solutions. This
relationship is shown in Figure 4-2 and is given as:

C  4.48Flx

(4-1)

The Flx data was converted to concentrations and corrected by subtracting concentration of
solutions obtained from blank unsprayed targets, and then converted to pyranine dye deposit
using Equation 4-2.
m

C V 
10 6

(4-2)

where, m is dye deposit in mg, C is concentration of the solution in ppb, V is the wash volume
in mL, and  is the dilution factor. The dye deposit values were normalized by sprayer speed.
Mean, standard deviation (SD), and coefficient of variation (CV) values were calculated for each
spray treatment.
Prediction of dispersion data
The appropriate parameters from the dispersion experiment were used as input for the
model to simulate the spray treatments. Time step of 0.005 s and compartment width of 0.2 m
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were used, based on criteria defined in Chapter 3. The height of the bottom of the sprayer air
outlet above the ground was measured to be 0.52 m. Two approaches (Pred. 1 and Pred. 2) were
used in the simulation. In Pred. 1, the spray discharged was handled as from a partitioned –
lower, mid, and upper – sprayer outlet to conform to the sprayer outlet sections. In Pred. 2, the
spray was handled as a whole, with the vertical distance from the bottom of the air outlet to the
upper boundary of the spray cloud estimated to be 2.32 m, with  1 and  2 of 65° and -34°,
respectively. Initial air velocity of the sprayer was measured to be 48.6 m/s, and ten discrete
droplet size classes were used in the simulation. Predictions from the simulation were compared
with results from the field experiments.
Deposition Experiment
Twenty plots each of three continuous trees were selected in a ‗Hamlin‘ orange grove in
Lake Alfred, FL. The grove was made up of 4.6-m high hedgerow trees with 7.6 m between rows
and 3.8 m within rows. The rows were set in East-West direction and each row had a width of
5.5 m. The plots were grouped into five blocks, each having four of the selected 3-tree plots.
Before the experiment, leaf samples were collected from the unsprayed trees to serve as a
baseline (Derksen and Gray, 1995).
Four spray treatments, consisting of combinations of two Albuz ATR hollow-cone nozzles
(Lilac and Blue) and one of two sprayer speeds (Slow = 2.4 km/h and Fast = 4.8 km/h, nominal),
were randomly applied to plots within each block (representing replication). The spray liquid
was a solution of Pyranine 10G fluorescence dye at a concentration of 500 ppm. Spray
applications were made with a PTO-driven tractor-trailed airblast sprayer (PowerBlast 500
Sprayer, Rears Manufacturing Co., Eugene, Ore.) attached to a Ford 7740 tractor (Ford Motor,
Dearborn, MI) with PTO rpm of 540 at 1900 engine rpm.
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After each application, three to seven leaves were randomly sampled from the middle tree
(Salyani and Whitney, 1990; Salyani, 2000b) at two sampling heights (H1 = 1.2 m and H2 = 2.4
m) and four canopy depths (D1 = 0 m, nearside canopy boundary, D2 = 0.6 m, D3 = 4.9 m, and
D4 = 5.5 m). Ground samples were also collected using 8.9 x 5.4 cm2 plastic cards placed on
plastic trays. The setup is shown in Figure 4-3.
The samples were collected into pre-coded sealable plastic bags (a pair of tweezers was
used to collect ground samples) after each spray run and temporarily stored in an ice chest before
being sent to the lab for storage in a refrigerator. This was done to minimize degradation of the
dye deposits and to maintain the integrity of the original samples before analyzing them. To
minimize cross-contamination of unsprayed ground targets from one spray run to another, the
trays were wiped dry with a rag before setting unsprayed targets for the next run. Also, each
ground target was underlain on the trays with clean sheets of paper.
A weather station (same as used in the dispersion experiment) was installed around the
middle of the grove to record weather data (Table 4-4). The start and run times of each spray
application was recorded (Table 4-5) over four trees (15.2 m) and used to extract the relevant
parts of the weather data.
Fluorometric analysis of samples
The samples were analyzed with a Turner 111 fluorometer by replication. A variable wash
volume of DI water, as washing liquid, was used for all the samples.
Leaf area measurements
After the fluorometric analysis of each sample, the leaves were dried with paper towel and
the total number of leaves contained in the sample bag recorded. The total one-sided leaf area
was measured with an area meter (Delta-T Devices, England).
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Data analysis
The Turner 111 fluorescence readings were converted to 1X using pre-established ratios.
Standard solutions obtained from a stock solution of concentration equal to the expected tank
concentration were used to establish a relationship between the fluorescence reading at 1X and
actual concentration of the solutions. This relationship is shown in Figure 4-4 and is given as:
C  13.06Flx

(4-4)

Using this relationship, the data was converted to concentrations in ppb.
The concentrations were converted to pyranine dye deposit in mg using Equation 4-1.
Deposition was calculated as a ratio of dye deposit to two times the total one-sided leaf area. The
deposition values were corrected by subtracting the average deposition of the baseline, and
normalizing by sprayer speed to the nominal speeds. The mean, SD, and CV values were
calculated for each spray treatment.
Prediction of deposition data
The appropriate parameters from the experiment were used as input into the model to
simulate the spray treatments. Time step of 0.005 s and compartment width of 0.2 m were used,
based on criteria defined in Chapter 3. The height of the bottom of the sprayer air outlet above
the ground was measured to be 0.52 m. The vertical distance from the bottom of the air outlet to
the upper boundary of the spray cloud (used in handling the spray as a whole) was estimated to
be 2.32 m, with 1 and  2 of 65° and -34°, respectively. Initial air velocity of the sprayer was
measured to be 48.6 m/s, and ten discrete droplet classes were used in the simulation.
To predict spray deposition inside the canopy, five parameters related to the canopy were
estimated using Monte Carlo sampling and the GLUE (Generalized Likelihood Uncertainty
Estimation) approach (Beven and Binley, 1992). Table 4-6 shows a summary of the prior and
adjusted posterior parameter distributions. Retention capacity of leaves was assumed to be 1.25
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µL/m based on Farooq and Salyani (2004). These were used to simulate the model and the
predictions adjusted. Predictions from the simulation were compared with results from the field
experiments.
Results and Discussion
Dispersion Experiment
Figure 4-5 (top) shows mean dye deposit for the different spray treatments at different
target distances. From this point, samples collected from vertical targets will be referred to as
airborne spray and those collected on the ground as ground deposit. Overall, mean dye deposit
decreased with distance from sprayer outlet as expected (Salyani and Whitney, 1990; Salyani,
2000c). Apart from at 1 m from sprayer outlet, Blue Slow gave the highest mean dye deposit at
all target distances. Dye deposit was more variable (higher CV values) in Blue than in Lilac
nozzle. Mean deposit decreased and deposit variability increased with travel speed.
Ground dye deposit did not show any obvious trends with distance from sprayer outlet and
it was highly variable (Figure 4-5). However, Blue nozzles gave higher ground deposit than Lilac
nozzle, and Slow than Fast speed. Also, at all target distances, variability increased with travel
speed for Lilac nozzle but decreased for Blue nozzle. At the 0.6-m height (not shown), vertical
targets gave higher deposit (averagely about 100% more) than horizontal targets. This shows that
horizontal targets cannot be substituted for vertical targets in sampling spray for dispersion
measurement purposes. After all, since the spray droplets are travelling horizontally, it is crucial
to sample airborne spray with vertical targets.
For all the spray treatments, dye deposit was highest at the mid target height (1.8 m) and
similar for the lower and upper target heights (Figure 4-6). At all heights, dye deposit decreased
with increase in travel speed and Blue Slow treatment gave the highest deposit. For both Lilac
and Blue nozzles, variability increased with travel speed at the lower target height; but this was
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not consistent with the mid and upper heights. Overall, Blue nozzle gave higher deposit than
Lilac nozzle, and Slow than Fast speed (Figures 4-7 and 4-8). Variability in tracer deposit was
not affected by travel speed for Lilac nozzle, but it increased for Blue nozzle. Ground deposit
also decreased with sprayer travel speed but its variability increased.
Multiple regression of weather parameters on mean dye deposit revealed that overall,
weather conditions had significant effect on mean deposition (p = 0.0285) at the 95% confidence
level. However, individual weather parameters were not significant, in agreement with the results
of Hoffmann and Salyani (1996).
Comparison of Results with Model Predictions
Airborne Spray. Figure 4-9 shows the plots of dye deposit versus distance from sprayer
outlet at different heights for all four spray treatments for measured (markers, Meas. - Rep. 1- 4)
and model predicted (lines) data. Although Pred.1 (dash lines) was computationally more
involving, it could not accurately capture the trend in the data for all three heights. Pred. 2 (solid
lines), which is a simplification over Pred.1, captured the trend in the data much better. Plots of
predicted dye deposit and residuals versus measured data (Figure 4-10) show improved data with
Pred. 2.
The summary of some measures of agreement between measured and predicted values are
shown in Table 4-7. These measures were computed using the entire data from each replication,
not the means over replications. Overall, for airborne spray samples, the bias shows that Pred. 1
under-predicted, whereas Pred. 2 over-predicted but with a smaller magnitude. However, bias is
not a sufficient summary of the model error since the outliers make its interpretation ambiguous.
For both RMSE and MAE, Pred. 2 gave a smaller value implying a better approach than Pred. 1.
Finally, using Pred. 2, the modeling efficiency (EF) is 78% with correlation coefficient (r) of
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0.8958, indicating that the model is a much better predictor than using the average of measured
values as the predictor.
Further analysis showed that considering data from individual distances from the sprayer
outlet, EF value ranged from 71.7% (for 2 m) to 82.1% (for 4 m). Also, considering data from
individual heights, the EF values were 71.5, 83.6, and 75.2 % for 0.6-, 1.8-, and 3.0-m heights,
respectively. In addition, considering means over replications from individual treatments, EF
values were 76.7, 69.9, 79.1, and 82.3% for Lilac Slow, Lilac Fast, Blue Slow, and Blue Fast,
respectively.
Ground Deposit. Figure 4-11 shows the plots of mean ground deposit for all four spray
treatments at the various distances from the sprayer outlet for measured and model predicted
data. The model captured the trend in the ground deposit data reasonably well for all two
approaches used. However, Pred. 2 gave a better prediction, with lower magnitude underprediction, than Pred. 1. The plot of predicted versus measured data and the residuals (Figure 412) also show an improved data with Pred. 2 over Pred. 1. With the exception of RMAE (Table
4-7), which ignored measured values equal to zero, Pred. 2 had smaller values than Pred. 1 for all
the errors calculated. EF and r both increased (from 32% and 0.63 to 50% and 0.72,
respectively). Thus ultimately, the model is a much better predictor than using the average of the
measured values as the predictor.
Deposition Experiment
Consistent with previous results from literature (Salyani and Whitney, 1990; Salyani,
2000c), canopy dye deposition decreased with canopy depth for all spray treatments (Figure 413). This could be due to reduced mass flux of the spray and/or spray capture by foliage at
depths nearer to the spray side. Also, at all canopy depths, deposition increased with ground
speed in agreement with earlier observations of Salyani (2000c). This may have been due to
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decrease in runoff from leaves. However, ground deposition was highly variable and did not
show any obvious trends, similarly to results from the dispersion experiment, although it is
normally expected to reduce with distance. Nevertheless, a possible explanation could be that
since the row trees were hollow, that the inner wall of the canopy at the far side to the sprayer
could have provided relatively greater resistance to the already-reduced-velocity spray and
caused droplets to lose momentum and fall to the ground.
For all spray treatments, canopy deposition decreased and deposition variability increased
with height (Figure 4-14). Figures 4-15 and 4-16 show that canopy deposition was higher in Fast
speed than Slow speed. This could have been due to reduced runoff from leaves. Also, deposition
was higher in Lilac than in Blue nozzle which could be explained by increased runoff due to high
volume. However, ground deposition increased with both speed and volume (nozzle). The
fraction of the volume applied that deposited on the ground seems to be on the high side. This
could be attributed to the fact that, in some cases, the row trees used were not completely solid
walls and therefore reduced spray capture by the canopy.
Multiple regression of weather parameters on deposition showed that weather condition
did not have significant effect on mean deposition at the 95% confidence level. This could be
due to the fact that the ranges of the mean parameters for all five parameters recorded were fairly
narrow such that changes in their values could not significantly influence the results.
Comparison of Results with Model Predictions
Canopy Deposition. Figure 4-17 shows measured and predicted mean dye deposition on the
tree canopy for all spray treatments. Generally, it can be seen that using the estimated parameters
the model predicts the data quite well. Predictions for Blue Slow and Blue Fast spray treatments
appeared to overestimate at the near side but doing quite well at the far side. The plot of
predicted data and residuals versus measured data (Figure 4-18) show a good scatter of the data
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around the one-to-one line. Overall, the model gave a bias of -0.03 implying that the model
generally over predicted the data. The root mean squared error of prediction given the estimated
parameters ( RMSEP (ˆ) ) was 0.23. On the whole, the predictions resulted in EF = 61.3% and r =
0.9214. This shows that the model is a much better predictor of the measured data than just using
the average of the measured data as the predictor.
Ground Deposition. Ground deposition predictions were very poor. The model under
predicted to more than three orders of magnitude and the prediction data considered to be
inappropriate, and therefore results not shown. There could be several explanations to this
shortcoming. Firstly, due to the closeness of the canopy boundary (0.46 m from sprayer outlet)
the concept of spray interception could not yield good data. By the angle used, interception
should have occurred under the canopy which was prevented by the canopy wall. Moreover,
since the canopy skirt height was very variable, and in one or more cases there were unavoidable
openings into the canopy that ideally should have been closed, this could have affected the
results. Furthermore, it could also be that most of the spray droplets that passed through the
canopy or under the skirt lost their momentum very rapidly and thus deposited before they could
leave the canopy section.

Table 4-1. Summary of spray treatments used in experiments.
Operating
Ground
Flow/
Application
*
pressure
speed
VMD
side
Rate†
Treatment Nozzle
bar
km/h
µm
L/min
L/ha
Lilac Slow Lilac
150
2.4
97
5.87
383
Lilac Fast
Lilac
150
4.8
97
5.87
192
Blue Slow Blue
240
2.4
109
50.89
3323
Blue Fast
Blue
240
4.8
109
50.89
1661
*Calculated based on data obtained from Albuz ATR Application Rate Chart, Nuyttens et al. (2006), and Van De
Zande (2008)
†Calculated based on tree spacing of 3.8 m and row spacing of 7.6 m.
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Table 4-2. Weather parameters recorded for various spray treatments in the dispersion
experiment.
Treatment
Tdb (°C)
Twb (°C)
RH (%)
Wspd (m/s)
Wdir (°)
17.5 ± 5.2
15.8 ± 3.7
85.6 ± 12.2
1.28 ± 0.7
219.4 ± 50.4
Lilac Slow
22.3 ± 1.4
19.2 ± 1.5
74.0 ± 3.0
1.42 ± 0.6
205.2 ± 0.1
Lilac Fast
19.3 ± 4.5
17.6 ± 3.1
85.1 ± 13.3
1.18 ± 0.4
220.8 ± 76.7
Blue Slow
20.5 ± 2.1
18.4 ± 2.4
82.2 ± 4.5
1.32 ± 0.6
268.2 ± 30.9
Blue Fast

Table 4-3. Actual sprayer speeds for various spray treatments in the dispersion experiment
measured over 30.5 m.
Rep 1
Rep 2
Rep 3
Rep 4
Run
Run
Run
Run
Treatment
Speed
Speed
Speed
Speed
Time
Time
Time
Time
s
km/h
s
km/h
s
km/h
S
km/h
Lilac Slow
41.62
2.6
41.75
2.6
32.06
3.4
41.40
2.7
Lilac Fast
19.53
5.6
19.53
5.6
15.15
7.2
19.37
5.7
Blue Slow
42.46
2.6
42.06
2.6
41.81
2.6
42.09
2.6
Blue Fast
19.62
5.6
19.68
5.6
15.46
7.1
19.75
5.6

Table 4-4. Weather parameters recorded for various spray treatments in the deposition
experiment.
Treatment
Tdb (°C)
Twb (°C)
RH (%)
Wspd (m/s)
Wdir (°)
18.2 ± 8.9
16.3 ± 1.9
56.5 ± 11.5
2.22 ± 0.7
153.5 ± 73.5
Lilac Slow
21.1 ± 2.4
16.1 ± 1.6
59.3 ± 12.5
2.46 ± 0.8
151.3 ± 71.5
Lilac Fast
21.3 ± 2.2
16.0 ± 1.6
57.7 ± 13.4
2.71 ± 0.6
139.9 ± 73.8
Blue Slow
21.5 ± 1.7
16.3 ± 1.5
57.6 ± 11.5
2.48 ± 0.8
152.7 ± 77.4
Blue Fast

Table 4-5. Actual sprayer speeds for various spray treatments in the deposition experiment
measured over 15.2 m.
Rep 1
Rep 2
Rep 3
Rep 4
Rep 5
Run
Run
Run
Run
Run
Treatment
Speed
Speed
Speed
Speed
Speed
Time
Time
Time
Time
Time
s
km/h
s
km/h
s
km/h
s
km/h
s
km/h
Lilac Slow
19.25
2.9 21.06
2.6 20.65
2.7 20.84
2.6 21.37
2.6
Lilac Fast
9.06
6.1 11.87
4.7 12.12
4.5 11.46
4.8 11.65
4.7
Blue Slow
20.53
2.7 19.71
2.7 20.15
2.7 20.84
2.6 20.61
2.7
Blue Fast
8.68
6.3 11.59
4.7 11.56
4.7 11.68
4.7
11.9
4.7
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Table 4-6. Prior and posterior distributions for parameters estimated with the GLUE method.†
Parameter
Distribution
Prior Parameters
Posterior Parameters

M

r

2
e
Cn

Normal

3.5±0.5000

3.0±0.0225

Normal

4.0±0.7000

3.4±0.0230

Normal

0.6±0.2000

0.61±0.0035

Normal
Normal

0.5±0.3300
0.25±0.2100

0.10±0.0022
0.32±0.0334

2
†  M = maximum leaf area density in m2/m3,  r = leaf area density range in m2/m3,  = variance of change in
C

leaf area density along the canopy diameter, e = fraction of exposed leaves, n = the drag coefficient of canopy.

Table 4-7. Measures of agreement between measured and predicted values. †
Airborne Spray
Ground Deposit
Equation
Pred. 1
Pred. 2
Pred. 1
Pred. 2

1 N
(Yi  Yˆi )

N i 1
1 N
MSE   (Yi  Yˆi ) 2
N i 1
Bias 

RMSE  MSE

MAE 

1
N

0.0048

-0.0028

0.0033

0.0021

0.0002

0.0002

0.0002

0.0002

0.0151

0.0135

0.0126

0.0109

0.0095

0.0083

0.0075

0.0064

0.621
(62%)

0.555
(56%)

1.005
(101%)

0.865
(86.5%)

0.870

1.131

1.104

1.183

0.728
(73%)

0.783
(78%)

0.320
(32%)

0.496
(50%)

0.8747

0.8958

0.6267

0.7185

N

 | Y  Yˆ |
i

i 1

RRMSE 

RMSE
Y

RMAE ‡ 

1
N

i

| Yi  Yˆi |
 |Y |
i 1
i
N

 Yi  Yˆi 
EF  1 
2
 Yi  Y 
 (Yi  Y )(Yˆi  Yˆ )
r
2

 [(Yi  Y ) 2 ] [(Yˆi  Yˆ ) 2 ]

† Based on Wallach (2006); MSE = Mean Squared Error; RMSE = Root Mean Squared Error; MAE = Mean
Absolute Error; RRMSE = Relative Root Mean Squared Error; RMAE = Relative Mean Absolute Error; EF =
Modeling Efficiency; r = Correlation Coefficient.
‡ Measured values equal to zero not included in calculation.
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Note: All dimensions are meters
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Figure 4-1. Field setup for dispersion experiment.
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Figure 4-2. Plot of concentration against Turner 111 fluorescence at 3X.
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Figure 4-3. Experimental setup for the deposition experiment.
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Figure 4-4. Plot of concentration against Turner 111 fluorescence at 1X.

101

1000

1200

0.15
Airborne Spray

Lilac Blue
Slow
SD

Fast

0.10

Dye
Dye Deposit,
deposit, mg
mg

0.05

0.00
Gound Deposit

0.10

0.05

0.00
1

2

3

4

5

Distancefrom
fromSprayer
sprayerOutlet,
outlet, m
m
Distance
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102

Airborne Spray

Height, m

3

1.8

SD

Lilac Blue

0.6

Slow
Fast

0.00

0.03

0.06

0.09

0.12

DyeDeposit,
deposit, mg
mg
Dye
Figure 4-6. Airborne dye deposit for different spray treatments in Dispersion Experiment at
different sampling heights.

103

0.100
Airborne Spray
Ground Deposit

Dye Deposit,
deposit, mg
mg

0.075

SD

0.050

0.025

0.000
Slow

Fast

Slow.

Lilac

Fast.

Blue
SprayTreatment
treatment
Spray

Figure 4-7. Mean deposit from different spray treatments in Dispersion Experiment.

104

0.08

Mean Dye Deposit, mg

Airborne Spray
Ground Deposit
Mean
Separation
Letter

0.06

B

A

0.04

A
C
b

c

0.02
c

a

0.00
Lilac

Blue

Slow

Nozzle

Fast

Speed

Figure 4-8. Mean deposit from different nozzles and speeds in the Dispersion Experiment.

105

0.15

0.03
Lilac Slow

Dye Deposit,
deposit, mg

0.02

Lilac Fast

Blue Slow

Blue Fast

0.10

3.0 m high

0.01

0.05

0.00

0.00
0.12

0.02

1.8 m high

0.08

0.01

0.04

0.00

0.00
Pred. 2
"
1
Meas. - Rep. 4
"
" 3
"
" 2
"
" 1

0.02
0.6 m high
0.01

0.12
0.08
0.04

0.00

0.00
1

2

3

4

5

1

2

3

4

5

1

Distance
Distance from
fromSprayer
sprayer Outlet,
outlet, m

2

3

4

5

1

2

3

4

Distance
Distance from
from Sprayer
sprayer Outlet,
outlet, m
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Figure 4-10. Predicted dye deposit and residuals from the first and second simulation setup
versus measured values.

107

0.15

0.006
Lilac Slow

Lilac Fast
Pred. 2
"
1
Meas. - Rep. 4
"
" 3
"
" 2
"
" 1

0.004

Ground Ddeposit, mg

0.002

0.000
1

2

3

4

5

1

2

3

4

5

6

5

6

0.08
Blue
BLueFast
Fast

Blue Slow

0.06
0.04
0.02
0.00
1

2

3

4

5

1

2

3

4

Distance
Distancefrom
fromSprayer
sprayerOutlet,
outlet,mm
Figure 4-11. Measured and predicted ground dye deposit for all spray treatments in the
Dispersion Experiment at different target distance from sprayer outlet.

108

Predicted
PredictedAirborne
ground
Dye
dyeDeposit,
deposit,mg
mg

0.06

0.04

y=x

0.02

0.00

Residual, mg

0.04
0.02
0.00
-0.02
-0.04
-0.06
0.00

0.02

0.04

0.00

0.02

0.04

0.06

Measured ground dye deposit, mg

Figure 4-12. Predicted ground deposit and residuals from the first and second simulation setup
versus measured values.

109

3

Canopy Deposition
Lilac Blue
Slow

2

Fast

Dye Deposition, mg/cm2

SD

1

0
Ground Deposition

2

1

0
D1

D2

D3

D4

Canopy
CanopyDepth
Depth ID
Figure 4-13. Canopy and ground dye deposition from different spray treatments in Deposition
Experiment at different canopy depths.

110

Canopy Deposition
Lilac Blue
Slow

2.4

Target Height, m

Target height, m

Fast

SD

1.2

0.0

0.5

1.0

1.5

2.0

2 2
Dye
Dye Deposition,
deposition,mg/cm
mg/cm

Figure 4-14. Canopy dye deposition for different spray treatments in Deposition Experiment at
different sampling heights.

111

2.0

Mean
dye Deposition,
deposition, mg/cm
mg/cm2
Mean Dye

2

Canopy
Ground

1.5

SD

1.0

0.5

0.0
Slow

Fast

Slow.

Lilac

Fast.

Blue
Spray Treatment
Spray
treatment

Figure 4-15. Mean deposition from different spray treatments in Deposition Experiment.

112

1.0

Mean Dye
dye Deposition,
deposition, mg/cm
mg/cm2
Mean

2

Canopy
Ground

0.8

0.6

0.4

0.2

0.0
Lilac

Blue

Slow

Nozzle

Fast

Speed

Figure 4-16. Mean deposit from different nozzles and speeds in the Deposition Experiment.

113

0.30

Lilac Slow

2.50

Lilac Fast

Blue Slow

Blue Fast

Mean
µg/cm22
deposition,µg/cm
dye Deposition,
MeanDye

2.00
0.20

1.50

2.4 m
1.00

0.10

0.50
0.00

0.00
Predicted
Meas. - Rep.
"
"
"
"
"
"
"
"

0.20

1.2 m
0.10

2.00

5
4
3
2
1

1.50
1.00
0.50
0.00

0.00
0

2

4

0

2

4

6

Canopy
depth, m
m
Canopy Depth,

0

2

4

0

2

4

CanopyDepth,
depth, m
m
Canopy

Figure 4-17. Measured and predicted dye deposition versus distance at two heights from all spray treatments in the deposition
experiment.

114

6

Predicted Dye Deposition, mg/cm2

2.5

2.0

1.5

1.0

0.5

0.0

Residual, mg/cm2

1.0

0.5

0.0

-0.5

-1.0

-1.5
0.0

0.5

1.0

1.5

2.0

2.5

Measured Dye Deposition, mg/cm2
Figure 4-18. Predicted dye deposition and residuals for the deposition experiment versus
measured values.

115

CHAPTER 5
SENSITIVITY STUDY FOR DECISION SUPPORT
Sensitivity analysis of a model is performed to study how the model‘s output varies with
respect to variability or uncertainty in the model‘s components (i.e. equations, parameters, or
input variables). This provides vital guidance during model development, as well as
understanding model behavior when applied to making predictions (Monod et al., 2006;
Hoffmann et al., 2007). Sensitivity analysis relies strongly on simulation outputs and is related to
computer experiments (Sacks et al., 1989; Welch et al., 1992). A computer experiment uses a set
of computer simulation runs to investigate a model‘s responses to varying inputs within given
ranges. A computer experiment may primarily seek to optimize model response, visualize model
behavior, explore approximation by a simpler model, or estimate the mean, variance or
probability to surpass some given threshold (Koehler and Owen, 1996).
For a given model, equations, parameters, and input variables all have some associated
variability or uncertainties. Initial choices can be made without a complete understanding of the
consequences. Thus Craig et al., (1998) and Craig (2004) performed sensitivity analysis on a
model to expound on the effects of some major parameters on spray drift. Estimation procedures
or literature reviews may yield certain parameter values whose precision is constrained by
inadequate data. In some other cases, parameters may vary from one specific situation to another.
The sensitivity of a model can be defined in several ways, and with respect to a single
factor or several factors. Either a local sensitivity analysis (LSA) or a global sensitivity analysis
(GSA) may be done. LSA is derived from the derivatives of the predicted output with respect to
the input and shows how rapidly the output increases or decreases locally about the given values
of the input. GSA provides a better view of model behavior since it explores the sensitivity of
model output where several input factors change in their entire uncertainty domain. Methods of
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GSA, including one-at-a time, complete factorial design, and fractional factorial design methods
have been explored by Monod et al. (2006). For simulated experiments, there is no measurement
error, at least for a deterministic model. Consequently, there is no residual variance, and thus no
need to replicate the same scenarios or introduce blocking. This is a major difference from
designed real field experiments, where replication and blocking are crucial.
Although less valuable than GSA when it comes to exploring the uncertainty of several
input factors of model output, LSA can be used to investigate the role of some model parameters
or input variables, and it may consist of simply observing model response. In this chapter, both
GSA and LSA are used to study the response of the model presented in this dissertation. The
purpose of the GSA was to gain understanding about the model‘s sensitivity to variations of five
input factors within given ranges with respect to the model output, mean deposition. The focus of
the LSA was on studying the response of some system variables of interest, airborne spray mass,
canopy deposition, and ground deposition to some other system variables based on literature or
the model. The purpose was to establish response equations relating them for rapid decision
support purposes. The results of this study were meant to be used as basis for defining rules for
the development of an expert system developed in Chapter 6. The rules would particularly be
used in the engine of a ―what-if‖ analyzer that would be part of the expert system. The rest of
this chapter describes into details the methods and results of the sensitivity studies.
Methods
Global Sensitivity Analysis
A set of simulation runs was done, varying certain inputs, to investigate the sensitivity of
the model to variations of these inputs. One target tree was considered and the sprayer outlet was
adjacently near the center of the tree. It consisted of varying three levels each of spray volume
rate, sprayer air velocity, ground speed, target canopy distance from sprayer outlet, and canopy
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density. Details of these factors are summarized in Table 5-1. In each run, the resulting total wet
spray liquid mass deposited was recorded. These were done as a 35 complete factorial
experiment, resulting in an overall 243 runs. A global sensitivity analysis (GSA) was performed
on the data obtained. GSA explores the sensitivity of model output where several input factors
change in their entire uncertainty domain. The data was analyzed using the proc glm procedure
in SAS for Windows (SAS® 9.2 TS Level 1M0, SAS Institute Inc., Cary, NC, USA.). The model
sensitivity to the factors was determined by sensitivity indices, which are the sum of squares
proportions of the total sum of squares from the analysis of variance (ANOVA) tables. The
factor with the highest sensitivity index contributes the most to explaining the variations in the
response variable, and vice versa.
Local Sensitivity Analysis
A set of model input and related variables were selected. These variables consisted of
direct inputs (liquid flow rate, VMD, and maximum leaf area density) and an indirect input
(operating pressure). Firstly, established relationships among the variables were identified from
literature. Secondly, a series of simulation runs was done, varying the direct inputs, to observe
the response of the model to changes of these inputs. This was done one variable separately at a
time.
Results and Discussion
Global Sensitivity Analysis
Figure 5-1 shows a matrix of two-factor interaction graphs of the input factors. Each
legend applies to all the graphs in the adjacent row. In each graph, the first factor levels are
indicated by the horizontal axis, the second factor levels by the legend, and the response value by
the vertical axis. For the actual plots, each line represents one level plot of the second factor
while each marker point on a line represents a plot of one level of the first factor. Parallel line
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plots represent no interaction between factors. Conversely, nonparallel lines indicate a possibility
of an interaction.
In the figure, there seems to be little or no interaction between the factors although there
are evident main effects. Mean deposition generally increased with spray volume rate. Increase
in deposition could be attributed to the fact that, at higher spray volume rates, more spray mass is
available to be intercepted by leaves inside the canopy. At all spray volume rates, deposition
increased with air velocity but decreased with sprayer ground speed, target canopy distance, and
canopy density. At all air velocities, mean deposition decreased with ground speed, target canopy
distance, and canopy density. Mean deposition generally decreased with ground speed, target
canopy distance, and canopy density. The presence of significant main effects and interactions
are confirmed by Figure 5-2.
Figure 5-2 shows the plot of the sensitivity indices of the significant main factors and
interactions. Insignificant main factors and interactions are not shown. Each shaded bar
represents the proportion of the variability in mean deposition that is explained by the
corresponding factor. The unshaded bars show the cumulative proportion of the response
explained by the factors, beginning (from the top) with the factor with the largest contribution. It
can be observed that target canopy distance contributes the most (about 43%) to variation in
mean deposition, followed by spray volume rate (about 25%), and then, canopy (foliage) density
(about 15%). The only significant interactions were between volume rate and canopy distance,
and between volume rate and canopy density. All others were not significant and are not shown
in the figure. Overall, the significant main factors and interactions explain about 95% of the
variability in simulated mean deposition.
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Local Sensitivity Analysis
Relationship between pressure and flow rate
The relationship between pressure and flow rate of the nozzles has been established
(Salyani, 2003a) as
 FR
P2  P1  2
 FR1





2

(5-1)

which can be rewritten as
FR2

FR1

P2
P1

(5-2)

where, P1 , P2 are initial and final operating pressure, respectively, and FR1 , FR2 are initial
and final flow rates, respectively. Based on Equation 5-1 or 5-2, an increase in operating pressure
of 10% will result in an increase in flow rate of 4.9%. Similarly, a decrease in operating pressure
of 10% will result in a decrease in flow rate of 5.1%. The plot of Equation 5-2 is shown in Figure
5-3.
Relationship between flow rate and volume median diameter
The relationship between nozzle flow rate and VMD of the nozzles has been established by
Yates et al. (1985) as:
VMD  A( FR B )

(5-3)

The values of the regression coefficients A and B for nozzles set at 0° to the airflow direction
extracted from the results of Yates et al. (1985) are summarized in Table 5-2. Figures 5-4 and 55 show the plots of A and B versus air velocity, and the relationships are given, respectively, by
the following polynomials:
A  0.057ua 2  3.487ua  256.59

(5-4)
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B  0.0002u a 2  0.0082u a  0.3

(5-5)

for fan nozzles, and:
A  1.606u a  314.9

(5-6)

B  0.0002u a 2  0.0116u a  0.1503

(5-7)

for cone nozzles.
Relationship between airflow rate and air velocity
By the law of conservation of mass, the air velocity is related to the airflow rate, Q a , by the
cross-sectional area, A0 , of the air outlet by the equation:
ua 



Qa
Q
 A0  a
A0
ua

(5-8)

Qa1 Qa 2
u
Q

 a2  a2
u a1 u a 2
u a1 Qa1

(5-9)

Thus an increase 10% increase in airflow rate will cause a 10% increase in air velocity.
Relationship between air velocity, volume median diameter and airborne spray mass
Twenty simulation runs were done for five droplet sizes (VMD = 50, 150, 250, 350, and
450 µm) at four air velocities (22.5, 30, 40, and 67.2 m/s). Figure 5-6 shows simulated
cumulative airborne spray mass for sprays of different VMDs at the 22.5 m/s air velocity. All
five air velocities gave the same curves with different intercept. The results show that airborne
spray mass increased with increasing droplet size. The plot of the dimensionless airborne spray
mass versus droplet size for ua = 30 m/s is shown in Figure 5-7. Overall, the relationship is
established as:
M s  1  0.0227VMD 1104VMD 2  2 107 VMD 3  2 1010VMD 4

where the intercept, 1 , can be obtained by interpolation from Table 5-3.
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(5-10)

Relationship between air velocity, volume median diameter, and ground deposit
Figure 5-8 shows the plot of the dimensionless ground deposit corresponding to the
simulations run in the previous section versus droplet size. Overall, the relationship is established
as:
M g  2  8  104VMD  4  106VMD 2  8  109VMD 3  6  1012VMD 4

(5-11)

where the intercept,  2 , can be obtained by interpolation from Table 5-4.
Relationship between air velocity, volume median diameter, and Canopy Deposition
Figure 5-9 shows the plot of simulated mean spray deposition in an assumed tree canopy
with uniform foliage obtained with different droplet sizes. The simulation considered an ideal
case of zero wind, a condition that is actually attainable in reality. Although actual trees do not
have uniform foliage densities, this was chosen to have a basis for comparing deposition from
different sized droplets and different air velocities. The figure shows that higher deposition could
be achieved with smaller droplets than with larger droplets, although in the presence of wind
smaller droplets offer a greater chance for drift.
From simulations over all droplet sizes and all air velocities, the relationship between
deposition, droplet size, and air velocity is established by the following polynomial:
M dep  0  1VMD  2VMD 2  3VMD 3  4VMD 4

(5-12)

where M dep is dimensionless canopy spray deposition, and the coefficients can be obtained by
interpolation from Table 5-5.
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Table 5-1. Global sensitivity analysis factor levels.
Factor Label
A
B
C
D
E

Factor
Spray volume rate† (L/ha)
Sprayer Air velocity (m/s)
Sprayer ground speed (m/s)
Target canopy distance† (m)
Canopy density‡ (m2/m3)

Low
625
15
1.5
0.4
1.5

Level
Medium
High
1250
30
3
1.2
3.0

1875
45
4.5
2.0
4.5

† Based on row spacings of 6, 7.6, and 9.1 m, respectively.
‡ Values adapted from Farooq and Salyani (2004).

Table 5-2. Regression coefficients for fan and cone nozzles where VMD = A (FRB).‡
Airspeed Regression Coefficients
Nozzle Type
m/s
A
B
Fan
22.5
306.4
0.4084
Fan
44.7
299.4
0.3653
Fan
67.2
235.4
0.1695
Cone
22.5
278.5
0.3259
Cone
44.7
243.6
0.3296
Cone
67.2
206.7
0.1615
‡ Extracted from results of Yates et al. (1985).

Table 5-3. Intercept, 1 , of polynomial relating airborne spray mass to droplet size for different
air velocities.
Airspeed
Intercept
1
m/s
22.5
1.3305
30
1.5338
40
1.6451
67.2
1.7631
Table 5-4. Intercept,  2 , of polynomial relating ground spray mass to droplet size for different
air velocities.
Airspeed
Intercept
2
m/s
22.5
0.6873
30
0.8665
40
0.971
67.2
1.18993
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Table 5-5. Coefficients of polynomial relating air velocity, total flow rate per side and
dimensionless spray mass deposit.
Air
Velocity

Total Flow
Rate / Side

m/s
22.5
22.5
22.5
22.5
22.5
30.0
30.0
30.0
30.0
30.0
40.0
40.0
40.0
40.0
40.0
67.2
67.2
67.2
67.2
67.2

L/min
5.28
33.36
61.44
89.52
117.50
5.28
33.36
61.44
89.52
117.50
5.28
33.36
61.44
89.52
117.50
5.28
33.36
61.44
89.52
117.50

Polynomial Coefficient

0

1

2

3  10 5

4  10 8

4.8609
4.6165
4.4411
4.3671
4.6861
3.2646
3.4517
3.3586
3.2643
3.2493
2.7547
2.8165
2.8221
2.7616
2.7955
2.4607
2.5225
2.4724
2.4686
2.5036

0.0205
0.0206
0.0218
0.0251
0.0247
0.0247
0.0291
0.0247
0.0236
0.0245
0.0241
0.0266
0.0255
0.0243
0.0253
0.0259
0.0272
0.0260
0.0257
0.0268

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

0.0183
0.0173
0.0208
0.0275
0.0269
0.0260
0.0351
0.0260
0.0232
0.0249
0.0245
0.0296
0.0272
0.0253
0.0271
0.0278
0.0312
0.0281
0.0283
0.0305

0.0139
0.0127
0.0157
0.0218
0.0210
0.0207
0.0292
0.0204
0.0179
0.0192
0.0190
0.0239
0.0217
0.0200
0.0215
0.0220
0.0256
0.0223
0.0227
0.0248
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Figure 5-1. Matrix of two-factor interaction graphs of input factors. In each graph, the first factor levels are indicated by the horizontal
axis, the second factor levels by the legend of each row, and the response by the vertical axis.
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CHAPTER 6
EXPERT SYSTEM DESIGN AND DEVELOPMENT
During a citrus spray application many factors interact to influence the final spray
coverage and deposition on the target tree canopies. These are: tree and orchard characteristics,
pesticide properties, sprayer design, spray application parameters, and weather parameters. The
interacting complex behavior of these factors adds to the unpredictability of spray deposition.
Spray off-target losses in citrus applications amount to about 18 – 26% (Salyani et al., 2007).
Added to these losses are application errors, which can be either mixing errors (erroneous spray
mix concentration) or calibration errors (erroneous spray volume per unit area).
In a field study, 152 private and commercial pesticide applicators were surveyed to assess
the accuracy of application rates (Rider and Dickey, 1982). The survey revealed that only a
quarter of the applications were within 5% of their desired application rates. Calibration errors
contributed to about 60% under-application to > 90% over-application. Grisso et al. (1989)
surveyed 103 private herbicide applicators in Nebraska to assess the extent and cost of
misapplication of herbicides. This survey revealed that 30% of the applications were within 5%
of the desired application rates, 44% were under-applied, and 26% were over-applied. These
application errors and off-target losses might be costly because they could increase production
cost due to crop damage, cause environmental pollution (air, land, and/or water), and potentially
impact human and animal health.
In order to curtail spray application errors and off-target losses there is a need for both
effective planning and effective implementation of the spray operations. An effective plan
requires that the applicator carefully follows the sprayer calibration procedures and formulae
used for the necessary calculations and also considers all the factors affecting spray coverage and
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deposition. Weather factors guide spray application timing, and orchard and tree canopy
characteristics direct nozzle arrangement and application parameter settings.
The knowledge gained through experiments over many years have been used to improve
equipment designs, sprayer configuration, material properties, and orchard conditions, all geared
towards attaining better spray coverage and increased on-target deposition. Many years of
experience with citrus orchard spraying have contributed to developing a particular way of
practice by experienced spray applicators. This experience can be represented as expert
knowledge (EK) and have been documented for reference and knowledge gaining. However, this
knowledge has not been adequately packaged in a form that can be very readily available to
spray applicators. Thus, where no expert is involved in planning a spray application scheme it
could be difficult to adequately utilize the documented EK to achieve an optimum application.
An attempt to package this knowledge in a way that will enhance planning is vital in
helping spray applicators achieve the efficiency which they aspire. Thus, this chapter presents
the structure and development of an ES to help citrus pesticide applicators in planning their spray
operations. The specific objectives were to develop an ES that would provide assistance and
recommendations for sprayer calibration, advise on spray timing, and recommend spray
parameters that could optimize on-target deposition for a user-defined operation.
Development of the Expert System
General Structure
The general structure of the ES is illustrated in Figure 6-1. The User Interface (UI)
provides access to the ES, allowing a user to make input, operate controls, and receive
feedbacks. The Inference Module (IM) is a collection of decision rules representing the
knowledge domain. The Spray Model is the simulation model presented in Chapter 3. The IM
passes values from UI and results from model to the Knowledge Base (KB) to check against
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rules. Based on the conditions met in the rules an advice/suggestion /recommendation is passed
to the IM from the Advice Module (AM) and is displayed by the UI for the user. The AM and
KB are built on the information from Technical Literature, i.e., technical papers, manufacturers‘
catalogs, and personal communication with experts. Components of the ES inside the dash-lined
rectangle have been integrated into a composite engine and implemented in MATLAB®.
Two human experts consulted in developing the ES are Dr. Masoud Salyani, Professor of
Agricultural and Biological Engineering and Mr. Roy D. Sweeb, Senior Engineering Technician,
at the Citrus Research and Education Center, University of Florida. The various parts of the ES
were developed under the direct advice of Dr. Salyani, the main expert, where Mr. Sweeb
critiqued the design features of the system. Flow charts have been developed to illustrate the
logic used in programming the system, and will be described in the following text.
Detailed Description of Expert System
The detailed structure of the ES is shown in Figure 6-2. The ES (CitrusSprayEx) consists
of two parts, namely: spray planning and spray implementation. Under spray planning, the ES
seeks to assist a user to minimize the chances of spray application errors. It assists in sprayer
calibration and spray timing – decision-making pertaining to the suitability of spray application
under different anticipated weather conditions at the intended time for spray application. Sprayer
calibration guidance are based on established procedures (Smith, 1990; Salyani, 2003; Spraying
Systems Co., 2008), and consist of establishing sprayer travel speed, selecting nozzles
appropriate for an intended spray application, and establishing sprayer output. Advices on spray
timing are based on potential droplet evaporation and drift.
Spray implementation comprises dispersion and deposition simulations for an orchard
application to output canopy deposition, ground deposition, and drift as percentages of the total
volume discharged. Here, dispersion concerns spray transport in an open space, without a tree,
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based on the spray model and deposition concerns spray deposition on a citrus tree canopy. The
output is linked to a ―What-If‖ analysis panel which gives feedback on changed inputs from a
previous simulation run and the resulting output in a current run. This gives the user a quick idea
on how to improve a user-defined operation. ―About‖ under Main GUI (graphical user interface),
contains information on the ES package. The base flowchart of the ES implementation is shown
in Figure 6-3.The symbols are explained in Appendix C.
Spray calibration
When speed calculation starts, the ES gets user input from the GUI (Figures 6-4 and 6-5).
Based on the user preferred units system, the ES decides which formula to use according to the
method of speed measurement. Calibration for speed consists of two methods, namely: Known
Distance Method (KDM) and Tree Passed Method (TPM). KDM consists of running the sprayer
over a known distance (D) and recording the run time (T). TPM consists of running the sprayer
at constant speed (S) through a mid-row of an orchard with known tree spacing (TS) and
recording the number of trees passed (TP) and run time. At the end of the calculations, the results
are displayed in the selected unit system.
The ES selects nozzle based on calculated nozzle flow rate to achieve a desired application
rate. At the start of the selection process, the ES gets user input from the GUI (Figure 6-6) and
then calculates a correction factor (CF) as the square root of the specific gravity (SG) of the
spray solution (Figures 6-7 and 6-8). By default the spray solution is water, with SG = 1.0. Next,
the ES decides which units system to use for the selection based on user preference. The KB
contains nozzle flow rates within an optimal pressure range of 6 - 15 bar for citrus applications.
Thus, if the operating pressure (Puser) indicated by the user falls outside this range the ES
notifies the user and does not continue. If Puser is within range, then the ES sets a reference
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pressure (Pref) – which corresponds to pressure used to manually select nozzles from a
manufacturer‘s selection chart – and then calculates SO from AR and RS.
Next, the ES calculates the upper nozzle output (UNO, which is the total output from entire
upper nozzles on one side) and lower nozzle output (LNO) based on how the user wants the
spray partitioned. Typically, in Florida, spray is applied to citrus trees with two-thirds applied to
the upper part of the canopy and one-third to the lower part. Other non-uniform partitions may be
used. However, most applicators do not bother since some sprayers have their manifold already
set to discharge in that format. For instance, a sprayer with twelve nozzles per side will have
eight (2/3) in the upper section and four (1/3) in the lower section. In some situations, it becomes
necessary to shut off a number of the upper nozzles to adjust for tree size demanding a change in
the nozzle configuration per side. These notwithstanding, most applicators also make do with a
uniform discharge from both upper and lower sections. The ES allows for both cases, and
calculates the flow rate per upper nozzle (RPUN) and rate per lower nozzle (RPLN) by dividing
UNO and LNO by the upper nozzle number (UNN) and lower nozzle number (LNN),
respectively, and adjusting by the CF. The ES makes a sub-function call to Select Nozzle Sub,
with inputs as Pref and FR which are used to search through the range of nozzles to select the
most appropriate. The flowchart of the Select Nozzle Sub is shown in Figure 6-9.
Figure 6-10 shows the flowchart for nozzle comparison. This performs comparative
analysis for the expected output from the recommended nozzles, against the desired output, and
recommends adjustments that will achieve the desired. At the start, the ES loads nozzle selection
data file, which contains inputs and outputs from the latest nozzle selection calculations, and then
decides which units system to use. Next, it assigns SO to the desired flow rate (DFR) per side
and then calls Flow Rate Sub function, which searches the KB for nozzle and operating pressure
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(P) that match the recommended (Pref) and then returns the corresponding flow rates (Figure 611), to obtain the reference flow rates for both upper and lower nozzles (UNFRref and LNFRref,
respectively). It calculates the expected flow rates for both upper and lower nozzles (UNFRuser
and LNFRuser, respectively) and the expected total flow rate. It then calculates a new operating
pressure (Prec) and a new ground speed (Srec) that separately will achieve DFR, and gives
recommendation. If TFR = DFR, then Prec = Puser and Srec = Suser. In that case, no change
should be made. Otherwise, Prec or Srec is recommended.
Upon starting sprayer output calculation, the ES gets user input from the GUI and decides
whether to perform calculations in Metric or English units according to user preference (Figures
6-12 and 6-13). It then decides on which method the calculations should be based. Calibration
for sprayer output (SO) and application rate (AR) consists of two different methods, namely:
Known Area Method (KAM) and Fixed Position Method (FPM). There are two distinct methods
under KAM, namely: Actual Area Known Method (AAKM) and Row-Tree Distance Known
Method (RTKM). Depending on the specific method specified by the user, the ES chooses which
equations to use, and then displays the results.
Spray timing
Figures 6-14 and 6-15 show the Spray Timing GUI and flowchart, respectively. The ES
gives recommendations based on the number of parameters for which the user has provided
input. The ES can explain the recommendation at user‘s request. The schematic diagram (Figure
6-16) shows how the ES arrives at a recommendation given a set of weather parameters. The
three weather parameters of interest are air temperature (TEMP), relative humidity (RH) and
wind speed (WS). These have two critical limits (L = critical low; H = critical high) and a normal
(N) range for input values. TEMP has a range of 5 - 35ºC, RH has 50 - 99%, and WS has 0.5 – 5
m/s. In addition, gives further comments based on rain expectancy within 2 h of application.
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Vertical lines connected to the ranges of input values indicate single entry by a user, i.e., for
instance, a user has entered TEMP value only. The ES comments based on that single entry.
Horizontal lines indicate multiple (two or three parameters) entries and the nodes represent
inclusion of a parameter.
Spray implementation
The GUI for dispersion and deposition simulations showing an ongoing simulation is
shown in Figure 6-17. Figure 6-18 shows the first part of the flowchart. When the simulation
begins, if a prior run had been run, the ES loads the data file for the previous run and assigns the
input and output values to some variable. Next, the ES gets user input and checks against
acceptable ranges. If any input falls out of range, the ES notifies the user and ends the
simulation. If the all the input values are within range, the ES VMD assigns an ASABE droplet
size category to it and then finds the regression coefficients for the Chapman-Richards function.
Next it calculates an upper limit for the droplet size range and then defines the minimum droplet
size class midpoint, which is used to obtain the other droplet sizes based on the preferred number
of classes. With these, the ES obtains the droplet size distribution for the simulated spray. Next
(Figure 6-19), the ES establishes spray compartments and tree canopy properties, and then
continues appropriately (Figure 6-20) until it displays the simulation results. If a previous
simulation run was made, then the ES also displays the changes made to the input values as well
as corresponding changes expected in the output.
Test runs. To demonstrate the trends in the ES predictions, the spray implementation GUI
was used to simulate several spray applications. The following initial inputs were used: airflow
rate = 20 m3/s; ground speed = 2.4 km/h; tree height = 5 m; skirt height = 0 m; canopy diameter
= 4 m; foliage density = medium; number of trees per row = 100; number of rows = 20; tree
spacing = 4 m; row spacing = 6 m; number of missing trees = 0; temperature = 25ºC; relative
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humidity = 60%; and wind speed = 1 m/s. First, to observe the effect of application rate on
percent canopy deposition, ground deposition, and spray drift, four nozzles (D2-23, D3-25, D445, and D5-46 (Spraying Systems Co., Wheaton, IL)) were used. The resulting application rates
represent typical rates used in citrus applications. Second, only D3-25 nozzle was used with low,
medium, and high foliage densities to observe the effect of foliage density. Third, only D4-25
nozzle was used at three ground speeds of 1.6, 2.4, and 4.8 km/h to observe the effect of ground
speed. Fourth, only D4-45 nozzle was used at ground speed of 2.4 km/h with 0, 400 (20%) and
1000 (50%) missing trees to observe the effect of missing trees.
Evaluation of Expert System
The purpose of evaluating the ES was to assess its utility and extent of its capabilities or
limitations. This was done to obtain feedback from users who are considered to be
knowledgeable in citrus pesticide spray application to use as basis of improving the ES as well as
making it popular. In the final outcome, the exercise was intended to instill confidence in the
intended users regarding use of the system. To achieve this, an integrated questionnaire
comprising field scenarios and evaluation feedback was developed. Three major scenarios were
presented where the user was required to perform calculations both manually and using the ES
for comparison between the two. The evaluation feedback questions were divided into seven
categories. Details of the questionnaire are provided in the following text.
Spray calibration scenario. (a) A pesticide applicator wants to know the output per side,
the application rate, and the ground speed of his sprayer. He drives through one row middle of an
orchard and passes 5 trees in 14.7 s, applying 34 L of water on both sides. The sprayer has 12
nozzles per side. The orchard has tree x row spacing of 4.6 m x 6 m, respectively. (i) What is the
output/side in L/min? (ii) What is the ground speed in km/s? (iii) What is the application rate in
L/ha? (b) Later, the applicator wants to select the appropriate nozzles to give a desired rate of
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2300L/ha at 12 bar pressure at the same speed as in ‗a‘ above. The spray mix has a specific
gravity of 1.25. In addition, he intends to turn off the two uppermost nozzles on each side to
conform to mean tree size and apply 2/3 (67%) of the output to the upper canopy and 1/3 (33%)
to the lower canopy. (i) Select appropriate upper nozzle. (ii) Select appropriate lower nozzle. (iii)
What value must ground speed be changed to in order to attain the desired application rate? (iv)
What value must operating pressure be changed to in order to attain the desired application rate?
Spray timing scenario. A pesticide applicator wants to apply spray under the following
conditions: (a) Dry bulb temperature = 22°C, Relative humidity = 60%, Wind speed = 2 m/s; (b)
Dry bulb temperature = 18°C, Relative humidity = 76%, Wind speed = 5 m/s; and (c) Dry bulb
temperature = 32°C, Relative humidity = 48%, Wind speed = 2.4 m/s.
Spray implementation scenario. Assume that a spray applicator intends to apply spray to
a citrus orchard using a conventional radially discharging airblast sprayer. The sprayer is
equipped with 12 open nozzles per side at operating pressure of 12 bar and delivers an output of
6 L/min per side. Also, the sprayer travels at a ground speed of 2.5 km/h. The airflow from the
two sides (each of 0.13-m width and 1.45-m length) is 18 m3/s. The trees (or rows) have a mean
height of 4.5 m, skirt height of 0.5 m, canopy diameter (or row width) of 5 m, and have medium
foliage density. There are 25 trees per row spaced at 4.6 m and 10 rows in all spaced at 6 m, with
overall 10 missing trees. The prevailing weather conditions are as follow: Temperature = 22 °C
(72 °F), Relative humidity = 70%, Wind speed = 2 m/s. (a) Estimate percent: (i) canopy
deposition (ii) ground deposition (iii) drift. (b) What will happen to canopy deposition, ground
deposition, and drift (i.e. increase or decrease) if you: (i) use larger nozzles (i.e. increase nozzle
output)? (ii) use smaller nozzles (i.e. decrease nozzle output)? (iii) use a higher operating
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pressure? (iv) use a lower operating pressure? (v) drive at a faster speed? (vi) drive at a slower
speed?
The ES was evaluated by five people with varying years of experience in spray technology:
0, 1, 2, 8, and 21 years of experience. Each of the evaluators first answered the questions asked
under the scenario problems manually using suggested formulae and procedures attached to the
questionnaire, and then by using the ES to answer the questions. Finally, each evaluator
evaluated the ES based on seven categories (Table 6-1) and scored various aspects of the ES on a
scale of 1 to 5: 1 = Poor; 2 = Fair; 3 = Good; 4 = Very Good; and, 5 = Excellent.
Results and Discussion
Test Run
The results are summarized in Tables 6-2 through 6-5. Generally it was observed that
increasing volume application rate decreased canopy deposition, increased ground deposition,
and decreased spray drift (Table 6-2). This is due to increased runoff and increased droplet size.
Also increasing foliage density increased canopy deposition, increased ground deposition, and
decreased spray drift (Table 6-3). For effect of ground speed, increasing ground speed increased
canopy deposition, decreased ground deposition, and decreased spray drift (Table 6-4). However,
the reverse of the spray drift trend was expected. This indicates a limitation and calls for
adjusting the formulation of the ES to give the expected trend. The results also show, as
expected, that increasing percentage of missing trees decreased canopy deposition, increased
ground deposition and increased drift. Overall, these results show a good indication that the ES
could be improved to adequately serve the purpose for which it was developed.
Evaluation
Figure 6-21 shows the results for the spray calibration scenario part one. On average,
respondents were in about 87% agreement with the ES. Despite availability of formulae, one
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respondent (representing 20%) miscalculated speed and application rate. This could represent a
real situation where a spray applicator might miscalculate application rate resulting in application
errors. For the second part, all respondents selected the right upper nozzles in agreement with the
ES but one respondent selected a wrong lower nozzle. Also, one and three respondents agreed
with the ES on adjustments to ground speed and operating pressure, respectively. This was due
to inaccurate application of the formulae. Given suggested ranges of weather parameter values,
evaluators were in 100% agreement with the ES (Figure 6-22). However, some evaluators raised
concerns that the ES was somewhat too conservative with the ranges. While the ES recommends
the suitability of spraying based on mean values, one evaluator suggested that for wind speed, it
would be better to use both mean and gust values.
It was not expected that any evaluator would be able to accurately estimate percent canopy
deposition, ground deposition, and drift under the spray implementation scenario. In fact, one
evaluator simply stated that this was not possible. However, evaluators selected different nozzles
to start with and changed nozzles, operating pressure, and ground speed to observe the general
trends in the ES‘ predictions. Each evaluator used different selections to observe the ES output.
Overall, for those evaluators who went through this part, they were about 67% in agreement with
the ES. There were discussions about the ES not showing the expected trends for some input
value changes observed although the general trends in all three seemed acceptable. This indicates
the need for further refinement of the ES formulation in order to improve this aspect, or rather an
opportunity to study the extent of each input variable on the output.
Figures 6-23 through 6-29 show the results for the evaluation feedback based on the
various categories used. On average, 80% of the respondents scored the ES as ―Excellent‖ and
20% as ―Very Good‖ for program content (Figure 6-23). For presentation (Figure 6-24), 55% of
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the respondents on average scored the ES as ―Excellent‖, 35% as ―Very Good‖, and 10% as
―Good‖. Also, for effectiveness (Figure 6-25), 30% of the respondents scored the ES as
―Excellent‖ and 70% as ―Very Good‖. On a whole, for user appeal and suitability (Figure 6-26),
50% of the respondents scored the ES as ―Excellent‖, 30% as ―Very Good‖, 15% as ―Good‖, and
5% as ―Fair‖.
Overall, based on program response (Figure 6-27), 55% of the respondents scored the ES
as ―Excellent‖, 35% as ―Very Good‖, and 10% as ―Good‖. For ease of use (Figure 6-28), 70% on
average scored the ES as ―Excellent‖ and 30% as ―Good‖. Finally, for user interface and media
quality (Figure 6-29), about 53% on average scored the ES as ―Excellent‖, 27% as ―Very Good‖,
7% as ―Good‖, and 13% as ―Fair‖. Taking the total score of the evaluation feedback from all
evaluators as a percentage of the maximum score (Table 6-1), the ES scored 89%. This is a good
indication that the ES has the potential of serving its objective.

Table 6-1. Summary of evaluation feedback categories.
Category
Program Content
Presentation
Effectiveness
User Appeal & Suitability
Program Response
Ease of Use
User Interface and Media Quality
TOTAL

No of
Maximum Total
Questions Score
Score % Score
2
50
48
96
4
125
110
88
2
50
43
86
4
100
85
85
4
100
89
89
4
100
94
94
3
75
63
84
24
600
532
89
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Table 6-2. Effect of volume application rate with medium foliage tree canopies shown by ES.
Application Canopy
Ground
Rate
Deposition Deposition Spray Drift
Nozzle
L/ha
%
%
%
D2-23
700
67
2
31
D3-25
1300
62
12
26
D4-45
2500
53
24
23
D5-46
5600
41
41
18
Table 6-3. Effect of foliage density with medium foliage tree canopies shown by ES.‡
Foliage
Canopy
Ground
Density
Deposition Deposition Spray Drift
%
%
%
Low
43
10
47
Medium
62
12
26
High
86
12
2
‡ Only D3-25 nozzles were used at ground speed of 2.4 km/h.

Table 6-4. Effect of ground speed with medium foliage tree canopies shown by ES.†
Ground Application Canopy
Ground
speed
Rate
Deposition Deposition Spray Drift
km/h
L/ha
%
%
%
1.6
3000
47
22
31
2.4
2000
55
20
25
4.8
1000
69
12
19
† Only D4-25 nozzles were used.

Table 6-5. Effect of missing trees with medium foliage tree canopies shown by ES.‡
Number of
Canopy
Ground
Missing
Deposition Deposition Spray Drift
Trees
%
%
%
0
53
24
23
400 (20%)
42
19
39
1000 (50%)
27
12
61
‡ Only D4-45 nozzles were used at ground speed of 2.4 km/h.

143

Spray Model

Advice Module

Inference Module

User Interface

Technical Literature
Knowledge Base

user

Figure 6-1. Structure of ES with arrows showing the direction of information flow.

Main Graphic
User
Interface
Main
GUI

Spray Implementation

Spray Planning
Sprayer
Calibration

Spray Timing

Dispersion
Simulation

Deposition
Simulation

What-If
Analysis

Sprayer Speed
Calculation Sprayer Output
Calculation
Nozzle Selection

Figure 6-2. Detailed structure of the expert system.
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Figure 6-12. GUI for sprayer output calculation.
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Figure 6-13. Flowchart for sprayer output calculation.
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Figure 6-15. Flowchart for Spray Timing.

157

Not OK
Not OK
OK
Not OK
Not OK

Not OK
Not OK
Not OK
Not OK

Not OK

Not OK

Not OK

Not OK
Not OK
Not OK
Not OK
Not OK

Not OK

May be OK
OK
May be OK
Not OK

Not OK

Not OK
Not OK
Not OK
Not OK
Not OK

Not OK

Not OK

Not OK

Not OK

Not OK

OK
May be OK

OK

Not OK

Not OK

L

N H
TEMP

N H
RH
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Figure 6-17. GUI for Dispersion and Deposition simulations.
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Figure 6-18. Flowchart for Dispersion and Deposition simulations.
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Figure 6-19. Flowchart for Dispersion and Deposition simulation (cont.).
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Figure 6-20. Flowchart for Dispersion and Deposition simulation (cont.).
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Figure 6-21. Respondents‘ agreement with ES‘ answer to sprayer calibration scenario (a).

Figure 6-22. Respondent agreement with ES answer to spray timing scenario.
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Figure 6-23. Evaluation of program content of CitrusSprayEx.
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Figure 6-24. Evaluation of presentation of CitrusSprayEx.
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Figure 6-25. Evaluation of effectiveness of CitrusSprayEx.
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Figure 6-26. Evaluation of user appeal and suitability of CitrusSprayEx.
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Figure 6-27. Evaluation of program response of CitrusSprayEx.
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Figure 6-28 Evaluation of ease of use of CitrusSprayEx.
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Figure 6-29. Evaluation of user interface and media quality of CitrusSprayEx.
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CHAPTER 7
CONCLUSIONS
A computer model was developed to simulate the dispersion and deposition of spray
discharged from an air-carrier sprayer used in applying pesticides in citrus orchards. The model
handled the spray as travelling through several connected compartments with increasing crosssection, representing the expansion of the spray cloud, and accounted for droplet evaporation,
potential drift, and ground deposit. The model has been solved with MATLAB® using Euler
integration method. Two field experiments have been carried out to validate the model in two
parts, namely: dispersion and deposition. The dispersion experiment focused on spray transport
and dispersion in an open space. The following conclusions could be drawn: (1) The results of
the field experiment compared well to previous studies and are repeatable; (2) Partitioning of the
spray discharged radially into lower, mid, and upper sections in the simulations, to conform to
the configuration of the sprayer‘s manifold, the model could predict airborne spray dispersion
with a modeling efficiency (EF) of 74% and ground deposit of 12%, and correlation coefficient
(r) of 0.88 and 0.57, respectively; (3) However, projecting the middle and upper sections to align
with the bottom section, and handling the spray discharged as a whole gave the best adjusted
predictions with EF = 78% and r = 0.90 for airborne spray and EF = 19% and r = 0.62 for
ground deposit; (4) Handling the dispersion of the spray discharged from one side of an airblast
sprayer as a whole gives acceptable results and is better and less involving than dividing the
spray radially into sections corresponding to partitions of the actual sprayer; and (5) Although
the model performed well in predicting ground deposit, the high variability in the measured data
makes its modeling difficult. The model will need to be improved to give better predictions to
account for this variability.
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The deposition experiment included a target tree canopy and quantified deposition inside
the canopy. The following conclusions apply: (6) Like the dispersion experiment, results from
deposition experiment also compared well to past studies; (7) Parameter estimation using Monte
Carlo sampling approach and maximum likelihood estimation method yielded a good set of
parameters that were adjusted and used in simulating the deposition data; (8) The simulated
spray was handled as from one outlet based on conclusion from the dispersion experiment; (9)
Model predictions compared well with the field data for on-canopy deposition with EF = 61%
and r = 0.92; and (10) However, ground deposition was overly under-predicted to more than
three orders of magnitude. This could be due to the fact that since the canopy was very close, the
concept of spray interception by the ground was inadequate in explaining the ground deposition
data. Thus, the ground deposition equations would need to be improved in the future.
Overall, the validation results show the model‘s potential for use as a basis for decision
support for spray applicators. Based on confidence gained in the model, the results have been
extended in the design and development of an expert system (ES) to assist spray applicators in
planning their operations effectively. The ES algorithm has been implemented in MATLAB®.
The following can be concluded: The ES can guide spray applicators in performing sprayer
calibration procedures and calculations, recommend the suitability of spray application under
given weather conditions, predict output of a spray operation, suggesting changes that could
improve canopy deposition. The ES has been evaluated by five respondents with years of
experience in spray application ranging from 0-21 years. Overall, the ES was scored at 89%.
Although this is high, evaluators raised minor issues that are worth addressing in future
improvements. This will instill the needed confidence for its utilization by the intended end
users.
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APPENDIX A
CHAPMAN-RICHARDS PARAMETERS
Data for various agricultural spray categories, contained in the AGricultural DISPersal
model software (AGDISP Version 8.21), were fitted with the Chapman-Richards function
(Equation [3-5]), forcing the asymptote, β0, to 1. The slope, β1, and the inflexion parameter, β2,
estimatess were obtained for all categories. Table A-1 shows the summarized results of the data
fitting.
These parameters were plotted against VMD to establish relationships. Figure A-1 shows
the plot of β1 against VMD fitted with the power relationship:
1  0.7461VMD 0.814

(A-1)

and the plot of β2 against VMD with the straight line relationship:
 2  0.0077VMD   3.0231

(A-2)

The estimates of β1 and β2 from Equation [A-1] and Equation [A-2] are also contained in Table
A-1 and the droplet size spectra for the different spray categories using these second estimates
are shown in Figure A-2. The plots of the error – difference between the cumulative volume
fraction estimates obtained with β1 and β2 from the individual fitted data and that obtained with
β1 and β2 from Equation [A-1] and Equation [A-2], respectively – are shown in Figure A-3.
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Table A-1. Summary results of Chapman-Richards slope and inflexion parameter estimates.†
Estimates from
Estimates from
individual data
parameter-VMD
VMD
fitting
relationship
ASABE Spray Category
ID
µm
β1
β2
β1
β2
Aerosol to Fine
A2F
47.69 0.0388
4.2419
0.0321
3.3903
Very Fine
VF
81.17 0.0155
2.1129
0.0208
3.6481
Very Fine to Fine
VF2F
136.61 0.0159
5.2614
0.0136
4.0750
Fine
F
179.37 0.0095
3.4676
0.0109
4.4042
Fine to Medium
F2M
253.39 0.0086
5.4766
0.0082
4.9742
Medium
M
292.57 0.0073
5.1755
0.0073
5.2759
Medium to Coarse
M2C
339.06 0.0069
6.3696
0.0065
5.6339
Coarse
C
383.78 0.0058
5.621
0.0059
5.9782
Coarse to Very Coarse
C2VC 424.26 0.0052
5.9395
0.0054
6.2898
Very Coarse
VC
472.93 0.0049
6.2029
0.0050
6.6646
Very Coarse to Extremely
Coarse
VC2XC 519.02 0.0049
7.5181
0.0046
7.0196

Parameter β11
Chapman-Richards
Parameter β2 Chapman-Richards Parameter
Chapman-Richards Parameter

†Obtained by forcing the asymptote parameter to 1.

0.05
0.05
0.04
0.04
-0.814

y y= =0.7461x
0.746x-0.814
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00
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y =y0.0077x
+ 3.0231
= 0.077x+3.0231
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55
44
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0

100

200

300

400

VMD, m
Volume Median
Diameter, µm

Figure A-1. Relationships of β1 and β2 withVMD.
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APPENDIX B
SPRAYER AIR VELOCITY MEASUREMENTS
An experiment was done to determine the mean air velocity from the right side air outlet of
a PTO- driven tractor-trailed sprayer (PowerBlast 500 Sprayer, Rears Manufacturing Co.,
Eugene, Ore.) attached to a Ford 7740 tractor with engine rpm of 1900 and 540 pto rpm. The air
outlet had been marked out into ten points along the profile and five points across the air outlet
(Figure B-1), forming a sampling grid of fifty points. The tractor was operated at full throttle in a
stationary position in an open field. Air velocity pressure measurements in inches of water
column (in. W.C.) were made with a pitot tube. Three replications were made for each sample
point.
The velocity pressure readings (in. W.C.) were converted to velocity (mph). Summary of
the average velocities for the three replications are presented in Figure B-2. Consistently, no data
were obtained at grid points (51, 2.5), (51, 3.5), and (51, 4.5) and are assigned zero in Figure B2. The overall mean air velocity at the air outlet was calculated as 108.6 mph (48.6 m/s).

Sample Points
Air outlet
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115
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‖

3

21

9
15

21

1
5
33
‖
39

27
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51

a51
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45

1.5 3.5
0.5 2.5 4.5

b

Figure B-1. Sampling grid on sprayer air outlet
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Figure B-2. Mean air velocity at sample grid points
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APPENDIX C
DEFINITIONS OF FLOWCHART SYMBOLS
Terminator

Process

Decision

Input/ Output Operation

Predefined Process

Display

Connector

Off-page reference

Flow Line
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