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Abstract 

A simulation program which couid predict the ground deposition pattem of material 

applied korn a air-borne spreader is a prerequisite for developing a mntrol system to 

vary the flow of the chernical. Deposition pattern could be determined by conducting 

test in which an air-borne spreader is flown over an array of collectors on the ground 

and the material collected in each collecter is measured. However, the high cost of 

CO nducti ng a field test, and uncertainties involved in such tests justi fy the simulation 

s t udy. 

A mathematical mode1 is Brs t developed to predict the behavior of a particle ejected 

from an aircraft. Cornputer programs are developed to simulate (i) particle trajec- 

tories and, (ii) dry matena l  distribution patterns from a class of helicopter-borne 

spreader. The aircraft speed, particle size and density, and, the atmospheric wind are 

iound to have significant effect on the deposition uniformity and pattern width. The 

altitude of the flight is found to have only marginal eRect. 

Field tests are then conducted to Bnd the actual deposition pattem on the gound and 

the results are analyzed. Field tests are fouiid to be associated with higli degree of 

uncertainty in texms of variabie inputs. Cornpanson of the expenmental patterns wit 11 

the simulated ones is conducted. The mode1 is round to have potential in predicting 

the trends in change of deposition pattern shape and size with changes in variables 

Iike particle properties, aircraft speed, altitude and wind speed. 
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Nomenclature 

A = Ares, m2 

Cc = coefficient of correlation 

Cd = coefficient of drag 

Cu = coefficient of variation 

D = zero plane displacement, rn 

DR = deposition rate, 5 
d = diameter, m 

F = drag force, N 

g = acceleration due to gravity, 7 
h = crop height, rn 

K = aerodynamic resistance coefficient, 5 
m = m a s ,  kg 

Q = mas Bow rate, k 
Re = Reynolds number 

S = swath width, m 

T = temperature, C 

t = tirne, s 

V = velocis, y 
Vc = heücopter speed, 

Z = altitude, m 

Zo = roughness parameter 



a = angle with the horizontal plane, deg 

f l =  angle with the vertical plane, deg 

p = density, 3 
p = coefficient of dynamic viscusity, 2 

Subscripts 

a = air 

f = fluid 

- p = particle 

t = terminal 

x, y, z = components along X, Y and Z directions, respectively 

I ,  2, .. = locations 1, 2, etc- 



Chapter 1 

Introduction 

1.1 Motivation and Background 

Due to a large number of lakes and rivers in Manitoba, high populations of insects, 

particularly mosquitoes, tonnent humans annuaily in the sumrner months to the point 

that a need arises for insect control. Every par, City of Winnipeg's Insect Control 

Branch introduces pesticides into the natural habitat of rnosquito Iarvae, primarily 

in areas of standing water. Spraying takes place within the city limits, and up to 8 

km outside the city's perimeter. The most efficient way to spray pesticides is from 

the ground, because it allows for a very high degree of control where application rate 

is concerned. Also, very small areas can be sprayed by individual back-pack sprayer- 

However, approximately three quarters of pesticide application is accomplished by 

aerial spraying. This is because the areas of standing water which are the niost 

densely üttered with mosquito larme, are most olten either quite large, or evtremely 

awkward and difficult to access by ground. 

Aerial application may be carried out using one of the many types and sizes of iiquid 

or gananular spreaders, mounted on aircraft or heiicopter. Heücopter has the advantage 

of being more maneuverable and flexible as compared to the aircraft. Granular solid 

pesticides may be preferred due to the following reasons (Akesson and Yates. 1974): 



1. Granuiar pesticide can peiietrate canopy, such as trees and bushes more eIFcc- 

tively tthan the liquid. 

2. Drift is less in granuiar part ides. 

3. There is no los of chernical due to evdporation. 

A typical helicopter-borne granular applicator system is as shown in Figure 1.1 . It 

is comprïsed of (see a h  Figure 1.2) an air blower, h o  hoppers, a metering device 

and flow pipes, through which particles leave the system. These components are 

all connected by a bework  to the helicopter. With reference to Figure 1.2, the 

components of the spreader system are briefly discussed below. 

Hopper 

The hoppers (component 'C' in Figure 1.2) are large barre!-üke containers which hold 

the grandar pesticide. On the heiicopter which carries the spreader, there are two 

hoppew, one on each side, which can both accommodate up to 250 liters of granular 

pesticide. The actuai amount of pesticide that can be safely kept inside the hopper 

depends on the payload capacity of the Helicopter. Having two hoppers of identical 

size maintains symmetry and retains equilibrium in aireraft load distribution while 

the helicopter is in flight. 

Size of hopper is a very important factor because it is the major determiniiig factor 

of how much chernicd can be sprayed before retuming to the loading pad. It is 

important to find a balance between the hopper size and load on the Iielicopter. This 

is another advantage of granular chernicals over liquid spraying. Because granules are 

inherently a more concentrated form of the active ingredient, les pesticide by weight 

is needed to accomplis h effective spraying. 



Metering Device 

The metering device (component 'B' in Figure 

which is installed at  the bottom of the hopper. 

stant and the flow of the chemical is controued 

1.2) is a srnaIl, motor driven auger 

The auger speed is maintained con- 

using a sliding plate which changes 

the opening of the hopper to the auger (see Figure 1.3). 

Blower Assembly 

The blower assembly (component 'A' in Figure 1.2) is an encased impeller which 

produces air flow at a controlled pressure. One blower seMces the entùe dispersal 

system on both sides of the heiicopter. It is located along the centerline of the aircraft, 

- beneath the cab at the front of the helicopter and is connected to the hoppers and 

the metering devices via flexible tubing. 

Out lets 

The dispersal tubing is designed with six outlets, three per side, to encourage sym- 

metrical dispersal of pesticide. The amount of chemical flowing through the outlet 

'C' in Figure 1.3 can be varied using a screw which moves a deflector plate. The flow 

stream of the partide is again divided into two parts through the outlets 'A' and 'B' ( 

see Figure 1.3), using a deflector plate. This plate can be adjusted to divert different 

amount of chernicals by changing its angle, 0, with which it  cuts the Bow stream. 

Distribution Pattern 

Wbatever may be the method of applicatioo, the effectiveness of any suc11 applica- 

tion depends 

deposition on 

rate but have 

upon, (i) the correct rate of application and. (22) the evenness of the 

the target area. It is cornmon to attain the correct average applicatioii 

uneven distribution across the treated ares (Gardisser, 1992). Hence it 



is important to mesure the deposition rate and the pattern unifomity to make sure 

that the target srea is getting correct amount of pesticide. 

The prevalent practice to determine the uniformity of spread of the applied mate- 
* 

riai is by flying or moving the applicator over rows and columns of coilectors on the 

ground and later collecting the content of each collecter and then determining the 

spread pattern by weighing the content (ASAE, 1982). This method only measures 

the resdting spread pattern and does oot provide any information about how the 

spread pattern is achieved and what is the contribution of the individual physical 

properties (Hofstee, 1994). 

S tudying the effect of individual parameters on the resdting spread and finding the 

optimum setting for different chemicah and operat ing conditions by conduct ing field 

trials would be tirne consuming, expensive and impractical in the case of aerial ap- 

plication. The process is an iterative one and since we have no control over some 

of the important variables like ambient weather condition, it is almost impossible 

to repeat an experiment in identical conditions. Prevailing weather conditions may 

prohibit testing or influence the test evaluations enough to make testing during many 

of the availabble days impractical. Ideal weather for data collection is usually ideal 

working weather for aerial applicators, making it difficult for them to participate in 

data collection act ivities under ideal mndi tions (Gardisser L992). 

In view of the above points cornputer models are being deveIoped to simulate the 

aerial application of agn'kul tural chernicals (fertilizers. seeds. pesticides). Such mod- 

eh would allow all the best known information to be açsembled into a readily available 

database and evaluated by analysts to make recommendations for adjustments based 



on specinc idormation for esch appücation of dry materials. Change in day to day 

operati ng parameter may include: materiai type and characteristics, wind speed and 

direction, application rate and, aircraft altitude and speed. Quick analysis of specific 

operating criteria should greatly enhance the chances of making correct adjustments 

to achieve be tter app iication. 

Further, due to a growing concern for efficiency in application of fm inputs such 

as seeds, pesticides and, fertiiizen, site-specific management of them is now a major 

research topic (Oiieslagers, 1996). Up to now, field has been treated homogeneously- 

In site-specific farmiog it is expected that the required amount of farm inputs varies 

according to the position in the field. The location of the aircraft relative to the field 

is determined using a global positioning system (GPS) and the rate of the chemical 

application is varied according to the field demand map. A control system which could 

vary the application rate as demand changes is therefore necessary to acliieve this. 

However, to develop a control system, the spreading process ne& to be modeled. 

1.2 Objective and Scope 

The aim of this research is to study and mode1 the deposition of granular pesticide 

applied From a class of helicopter-borne spreader. The ideal sittiation woiild be to 

have the material broadcasted on the tacget area at a prescribed rate and have them 

uniformly distributed across the coverage area. However, most ohen. tliis is iiot 

achieved. To obtain the settings, that will result in best possible spread, effect of 

each variable on the deposition pattern must be hown. As was discussed earlier, 

studying the effect of each variable by conducting fieid tests is not very practical. 

Cornputer simulation study is expected to Save time and money by giving the user, 



ability to andyze various if then scenarîos, and arrive at the optimum combination 

of adjustable variables. To achieve the goal, the following objetives have beea set: 

1. Model and simulate the particle trajectories, and study the effect of physical 

properties in the trajectories and spread. 

2. Adapt the trajectory mode1 to a class of heücopter-borne spreading system. 

3. Conduct experiments on the spreader system during typical Rights to detemine 

the deposition patterns. 

4. Conduct experirnents on the spreader system to determine the flow rates and 

the effects of meter settings on the ûow rates. 

The organization of this thesis is as Foiiows. Chapter 2 provides a review of existing 

üterature and theory related to this work. in Chapter 3 the mathematical models 

are derived. Field tests, which were conducted to determine the actual deposition 

patterns at various settings, are described in Chapter 4. Also descnbed are the 

experiments, conducted to study the spreaders capabiüty in accurately rnetering and 

delivering the pesticide. Chapter 5 fint describes the development of the simulation 

program; it then presents simulation results, dong with compa&on with actual field 

patterns. The t hesis is concluded wit h recornmendations and directions for future 

research in Chapter 6. 



Figure 1.1: Helicopter-borne Spreader. 

Figure 1.2: Typical D y  '/laceriai Spreading Sysrern br Heiico~cer (iU-eson a d  
Yareso 1974); (.A) Blower.(B) Merer. (C) Aopper and (D) SprezSer- 
Tube- 



A i r  bl 

Figure 1.3: Schematic Diagram of a Typical Spreader; (A) Top View and (B) Front 
View- 



Chapter 2 

Previous Work and Theory 

This chap ter provides a survey of previously reported investigations and relevant the- 

ories deaiing with testing and modeling of ground deposition pattern of chernicals like 

seeds, granular fertilizers and pesticides. The purpose of this chapter is to identify 

the state-o f-the-art achieved in the areas of field testing, modeling, simulation and, 

analysis of the distribution patterns kom agricultural aircraft. However, focus will 

be placed on the literature relevant to dry material distribution patterns. 

The available literature and theory is classified in two main parts: (i) those related 

to modeling and simulation of particle trajectories and, (ii) those related to determi- 

nation and analysis of distribution pattern. 

2.1 Particle Trajectory 

Particle motion, lrom the point where they are metered to the spreader device until 

they reach the ground, can be divided into ( 2 )  motion through the air and (22 )  motion 

in or on the spreader device. Physical properties of the particle can have different 

and even opposite effects for both motions (Hofstee, 1994). 



2.1.1 Particle Motion Through the 

Particle motion through the air is independent of 

Air 

the spreader. Only the initial ve- 

locity and direction of the particle as it cornes out of the spreader is determined by 

the spreader. 

The forces acting on a particle moving through air Uiclude, buopcy  force, gravita- 

tional force, inertial force and, frictional force. The buoyancy force can be neglected 

if the densi ty of air (p,) is much smaller t han the density of the particle (p,) . A set of 

differential equations, using the balance of the remaining three forces, describe mo- 

t ion of of the particle completely. Real particle trajectories are found to deviate only 

süghtly from the theoretical particle trajectories (Hofstee, 1994). The siight variation 

may be caused by the eventual tumbiing or rotating of the particle. 

Reints and Yoerger (1967) denved the foilowing equations to describe two dimensional 

motion of the particle in air (refer to Figure 2.1) : 

The drag force, F, is given by: 

where, V, is the velocity of the particle, mp represents mass of the particle. g is the 

acceleration due to gravity, Cd represents the drag coefficient, p, is the air density, 

and A, represents area of particle projected on a plane normal to the direction of 



mot ion. 

Coefficient of drag, Cd, iS a non dimensional number, value of w hich depends upon the 

particle properties and flow condition. Many empincal relations have been suggested 

by researchers which relate G to another non-dimensional number known as Reynolds 

number, Re- The Reynolds number is giveo by: 

where, d, is the diameter of the particle, and is the coefficient of dynamic viscosity 

of air. p,,, is a material property and &es with the air temperature. For air, the 

lollowing relation can be used (Teske, 1993): 

where, Ta is the arnbient au temperature. 

Figure 2.2 shows how Cd changes with Re. At low Reynolds number (Re - 04, the 

Bow is known as Stokes flow and under these conditions, the coefficient of drag, Cd is 

given as, E. At  high Reynolds number(Re = 103) the d u e  of Cd becornes approxi- 

mately constant at about 0.4. When the Reynolds number is within the intemediate 

range , which is the range of practical interest, the coefficient of drag, Cd varies witli 

Reynolds number in a complicated manner (hiforsi and Alexander, 1972). 

Reints and Yoerger (1967), fitted an exponential curve and obtained the following 

equa t ion: 

C e(0.1960 log f b 1 . ~ 8 5 ) 2 . ~ ~ - 0 . 9 5 6 0  
d = (2.6) 

They solved differential equations (2.1) and (2.2) numerically, using the Cd from 

equation (2.6). The trajectories for a variety of materials and a number of initial 



conditions were determineci. The simuiated horizontal distances were compared wit h 

the experimental observations. It was lound that ahos t  all cdculated and measutxi 

trajectories were within 10% of each other. 

The velocity of a paxticle moving in a fluid changes mntinuously, until it attains ter- 

minal velocity. The Reynolds number, and thus the coefficient of drag depends on the 

velociw of the particle. Therefore, to calculate the trajectory of a partide rnoving in 

a fluid, the hstantaneous coefficient of drag must be known. Since no mat hematical 

relationship is available, which wouid make it possible to calculate it andytically, ei- 

ther an indirect method or an empirical fomulae must be derived. Many researchers 

- have formulated empirical relations by fitting an exponential curve to the experimen- 

tal data points relating Cd to the Reynolds oumber. 

Khan and Richardson (see Haider and Levenspiel, 1989 ) derived the foiiowing rela- 

tion, after using a nonlinear regession on 300 data points: 

Flemrner and Banks (see Haider and Levenspiel, 

where, 

E = 0.261 ~ e ~ * ~ ~ ~  - 0.105 ~ e ~ - ~ ~ '  - 0.124 
l+(kno*)' 

M o n  and Levenspiel(see Haider and Levenspiel, 1989), presented the following re- 

lation: 



Haider and Levenspiel (1989), suggested the following equation: 

(2. IO) 

The goodness of fit, as measured by mot mean square (RMS) deviation of these 
. empirical relations are presented in Table 2.1. 

For no n-spherical particles a non-dimensional number, to account for part ide s hape, 

(4) is Grst dehed: 

where, A, is the surface of a sphere having the same volume as the particle and As is 

the actual surface area of the particle. Sphericity, 4, @ves a mesure of Iiow close a 

particle shape is to the sphericai shape. It can be readiiy caiculated that a cube has 

0.806 Sphencity and a tetrahedron has 0.607 Sphericity. Haider and Levenspiel(1989) 

suggested the foilowing relation to calculate the coefficient of drag of non spherical 

part icles: 

The accuracy of equation (2.11) depends upon the Sphericity of the particles. It is 

reported to vary from 4% to 22% depending upon the particle sliape and Sphencity 

(Haider Levenspiel, 1989). The range of Reynolds number is aven as, Re < 2.5 x IO4. 

Table 2.1: Cornparison of Fit of Drag Correlations for Spheres 
MIS deviation 

0.041 
Equations 
(2.7) 

Range 
Re < 3 x 105 



2.1.2 Particle Motion in the Spreader 

Kinetic energy is imparted to the particles from the high speed air as they are carried 

through the tubes or vanes of the spreader. The particle velocity and its initial di- 

rection when Ieaving the spreader has a significant effect on the final location on the . 
ground. Hence it is necessary t hat particles initial v e l o c i ~  and direction be known in 

order to mathematicdy predict where particles will go when they l e m  the spreader. 

Lee and Yaks (1977) analyzed the acceleration of an isolated spherical particle in a 

CO nstant velocity airûow . Considering a particle of mass m, at rest , king  accelerated 

by air moving at velocity Va, after t h e  Y' when the particle has traveled a distance 

'x' from the rest, the foliowing relation can be written: 

For a spherical particle, m, is pp$ and, A, is given by*. Substituting m, and A, 

in equation (2.12), it is derived that: 

Since the particle starts kom rest, x = O when t = O. Assuming Cd to be constant, 

the foiiowing relation is obtained by integrating equation (2.13): 

where, R = %. 
Terminal velocity, II,, of a particle is defined as the constant velocity attained by a 

particle faiiing freely in an undisturbed viscous Buid. When a particle is moving at 

terminal velocity, the gravitational pull is balanced by the drag force on the particle. 

By equating these two forces the following equation can be derived: 



Substituting 6 from equation (2.15) to equation (2.14), the following is derived: 

Thus the maximum velocity a particle can attain Howing in a duct depends upon the 

duct lengt h and the particle terminal velocity, for a given air velocity. Since particIe 

terminal velocity is directly proportional to the square root of the particle size, hrger 

particles attain lower velocity after traveüng same duct length than smaller parti- 

cles. However, due to higher momentum, larger sized particles travel farther than 

smaller ones, if ejected with the same initial velociw from a spreader exit. Lee and 

Yates(1977) conciuded that there was an optimum range of particle sizes that would 

give maximum spcead. The optimum particles should have terminai velocities of 15 

to 20 1. 

Equation (2.16) may be used to determine the particle velocity a t  the end of a given 

lengt h of duct. The velocity at the end of the duct is the exit velocity of the particle 

in the air. Lee and Yates (1977) traced the trajectories of some particles. The actual 

spread was found to be larger than the range predicted by the model. They attributed 

this difference to, h t ,  a particle is not alone but surrounded by numerous particies, 

this may lead to increase in the effective drag in each particle and will tend to increase 

the early acceleration. The net effect aill be a particle exit ve1ocity sliglitIy higher 

than that calcuiated. This gives corresponding increase in range for the larger parti- 

cles. Second, particles are not free from the influence of the air velocity, even after 

they exit the duct. The exit may act as a nozzle creating a lateral air-jet emerging 

into a cross flow air-stream. By ignorïng this phenornenon, the effective duct length is 

underestimated leading to corresponding under-assessrnent of the range of t he  ejected 

particle. It was suggested that a larger effective duct length be taken in calculation 



to account for the p a t e r  spread, so that the range of particle matched with the 

O bserved range. 

The Wt velocity of particles determined by using such a differential equation have 

h i t e d  practical value because mass flows and the interactions between the parti- 

cles are ignored. Appücation of these equations to mass flow conditions requires 

additional knowledge about the interaction between the ma& flow and the relevant 

physical properties. Ody very Iimited information is available about this interaction 

effect (Hofstee, 1994)- 

Hofstee (1994) has described a method for measun*ng the velocity and direction of 

fertilizer particles discharged by a fertiüzer distributor. The technique is based on 

the Doppler frequency shift of an ultrasonic beam- It is reported tha t  velocity and 

direction of fertilizer particles could be determined using this technique. This method 

requires quite elaborate experimentd set-up and extensive signal processing. 

When a spherical particle travels in a fluid, the particle will generally tend to lag 

behind the Buid Bow (Winoto, 1990). Gardessier (1992) arbitrarily assumed the 

particle velocity to be 48% of the air velocity in the duct. No basis was provided 

for using this particdar percentage value. Another assumption was that the mean 

direction of the particles foliows the contour of the spreader upon euting. High 

speed compact cameras mounted on spreaders to record particle direction during 

actual application added credence to this t heory (Gardessier, l992). 



Particle Flow Pattern in the Spreader 

Wlien usiiig air to convey solid particle, tlie stability of the flow is very important. 

0 i i  clecreasiiig fluid velocity at a coiistant solicl nias flow rate, different flow patterns 

caii be ol~scrved. Figure 2.3 illustrates the flow patterns in liorizoiital piieumatic 

cotiveyiiig ( Wirtli aiid Molerus, 1985) . At higli air velocities tlie particles are 110- 

iiiogcncoiis ly distribuled L hrouglio ut tlie pipe cross-section. Tliis pattern is referred 
- 

LO as fiiliy suspended fiow. 

Separation or tlie two pliase flow occurs witli clecreasing fluicl velocity. Part of Llie 

solid inalerial is carricd in tlie forni of strands sliding along the bottom OC Llie pipe 

as a aioviiig bec1 wliile the rcniiiider is conveyed above the sliding strands as a fully 

stispended flow. If the superficial air velocity is furtlier reduced, tlie particles will 

forni duiies w hicli are llien swept bodily dowii stream by impinging particles. 

At eveii lower velocities, the particles settle out and rorm a ked  bed, over wliicli Ille 

solid iiiakrial is carried as a fully suspeiided flow. Furtlier reduction of air vclocity 

will pliig the ffow. Tlie last tliree flow patterns are designatecl as uiistable patteriis, 

wliicli rnay bc dangerous as tliey tend to clioke the system. Tlierefore in order to 

eiisiire a sak  opcrntioii of an sprender, tlic kriow iedge of traiisitioii hLweeii steaïly 

aiid stable flow and the uiislable flow patterns is very important (Wirtli and Molerus, 

1985). 

Critical vclocity is dcfiiied as tlie supeijicinl velocity wlieii  lie flow chaiiges [rom 

s~able to iiiistable. The following relation as giveii by Segler (see WirbIi and Molerus, 

1985) relates tlie critical velocily to a conibiiialioii of oiily air velocity, V,, and solids 



m a s  flow rate, Q: 

The flow rate that can be safely used is thus ümited by the type of flow that results. 

Fully suspended Bow m u t  be rnaintained in the spreader tubes. Unstable How may 

cause the plugging a&i damage the rneter. Though safe to operate, the moving bed 

type of flow pattern is &O undesirable. Such fiow wiil cause many particles to slide 

off the tube in very Iow laterd velocity and this will adversely affect the uniformity 

of the deposition pattern and the pattern width. 

Distribution Pattern of Particles 

Particle trajectories in and out of the spreader are helpful in determining the impact 

location of individual particles. However, the effectiveness of any chemical depends 

upon how uniformly it is spresd on the ground. Il-aditionally the distribution pat- 

tern is detennined by conducting field tests wherein a spreader applies the chemical 

while moving over rows and colurnns of collection surfaces. The amount collected in 

each collecter, when plotted against the location of the surface on the ground gives 

the distribution pattern. Since this process is very time consuming and expensive, 

computer simulation is attempted to study the distribution pattern. 

2.2.1 Field Testing 

Brazelton (1968) described a method for testing distribution patterns from agicul- 

tural aircrafts. The method was used to adjust aircraft spreader to obtain as %-ide 

swath as possible with a reasonable degree of uniformity. Wide swatli are desirable as  

they enable the pilots to cover more area in same length of Aiglit and time. Brazelton 

also noted the effect of the air-streams and vortices corning bom the propefler w i n g .  



The effect was slight for the large and heavy particles but was more pronounced as 

the particIe size and density decreased. 

ASAE Standard (ASAE S386.1, 1988) describes procedures for messwing and report- 

ing application rates and distribution patterns Gom agricultural aerial application 

equipment. The Standard recommends that the tests be conducted in calm air or 

with wind speeds of les than 8 km/hr measured to 3 m above the ground surface 

or crop canopy. Flights should be made pardel to and wit hin 20 degrees of the di- 

rection of the wind to minimize errors due to cross winds. Each part of the test sliall 

be replicated to acwunt for the random variation. A test shall consist of five pparts: 

1. determination of the output rate fiom the aircraft, 

2. determination of the swath distribution pattern by recovery of the applied ma- 

terials from suitable target collectors, 

3. determination of usable swath width for field applications, 

4. determination of rate of application, and 

5. determination of uniformity of application. 

Bouse (1985), measured the swath patterns for extruded and pressed clay pellets 

applied from aircraft. A âued wing aircraft equipped with a venturi type spreader 

was used for the tests. The aircraft was Aown over a Bight path perpendicular to a 

sample collection iine consisting of 30, 1 m2 hinnel shaped bins at an ground speed 

of 168 e. The analysis of the date d e c t e d  showed that: 

1. swath width uras wider for larger sized particles, 

2. cross wind velocity did not significantly affect the total swath width and, 
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3. cross wind produced lateral shift of the swath patterns. The shift was more 

for smaiier sized particles and was more pronounced if the aircraft altitude was 

hig her. 

Whitney (1987), measured the longitudinal and transverse deposition uniformity of 
I 

aerially applied granular material. De position uniformi ty, as measured by coefficient 

of variation (C,), was observed to vary from 14% to 64% percent and from 21% to 

67% percent for longitudinal and transverse direction respectively. Co is defined as 

the standard deviation tirnes 100 divided by the mean and is a statistical mesure of 

scatter of a set of data relative to the mean. 

Spugnoü and Zoü (1989), examined fertilizer spreaders using rotary and pneumatic 

systems by conducting field tests. The distribution pattern across the swath indicated 

- extreme variability in the operation of the equipment tested. Physical properties of 

the particles were found to d e c t  the worlgng width of the spreader significantly. 

Therefore, the authors emphasized the need of providing a detailed explanations of 

the operations of the spreaders according to the various fertilizers used. 

Gardisser (NE), analyzed statistically data obtained from seven years of field tests 

by various agricultural aviators, to detennine which operational variable had the 

most impact on distribution patterns. The variables studied were, ( 2 )  wind speed 

and direction inside the spreader, (ii) aircraft and spreader type. (izi) aircraft speed 

and altitude, and (zu) material ballistic parameters. AU the variables, with the ex- 

ception of aircraft altitude, were found to bave significant effects on the distribution 

uniformity and pattern width. 



2.2.2 Cornputer Simulation 

There have also been many attempts to simulate the particle trajectories in the air 

and study the resulting deposition pattern on the ground. It was realized eady in 

1967 that a basic knowledge of trajectories of particles is a prereguisite to designing a 

broadcast type distributor that will spread s uniforrn appücation of seeds or &nula, 

fertilizers (Reints and Yoerger , 1967). 

Yates et al. (1973) simulated the trajectories of particles dropped from a ram-air 

spreader mounted on an agricultural aircraft. Equations of motion were solved nu- 

merically using a digital cornputer. The trajectories were traced for different aircraft 

speed and altitude, particle exit veloci~ and particle terminal velocity. 

'Ikajectories of particles ejected Crom aircraft were calculated to assess t h e  eflect OF: 

( 2 )  angle of ejection relative to Right line (ii) forward speed of the aircraft (izi) lateral 

ejection velocity and (iv) particle size (Yaks et al., 1973). The following equations 

was used to calculate the drag force, F: 

CVhen a particle is moving at terminal velocity, the gravitational pull, m-pg, to the 

particle is balanced by the drag force, F. Under free fa11 conditions, the terminal 

velocity can be found from: 

1 

where Cdt is the coefficient of drag at the tenninal velocity. 



Thus from equations (2.18) and (2.19), it can be derived that: 

where, C = 

Yates et al. (1973) noted that if the particle sizes are large enough and the particle 

velocity not too small such chat the Reynolds number is always in a range where 

the coefficient of drag remains practically constant, the value of C can be taken as 1. 

Terminal velocity then gives sufficient description of the particle as far as aerodynam- 

ics is concerned- The simulation showed that  the spread width (i) increased as the 

particle terminal velocity increased, (iz) decreased as the forward speed of the aircraft 

increased and, (izi) increased as the initial particle ejection velocity increased. Yates 

et al. also verified the theoretical d u e s  with experimental results and s u d s e d  that 

they may be a valuable aid in the design of any air-borne distnbutor. 

Simulation models for spread patterns for single impeller rotary distributors were de- 

veloped (Reeci and Wacker, 1970; Davis and Rice, 1974; Ritter et al., 1980; and Pitt et 

al., 1982). These models calculate the discharge of particles ont0 a rotating impeller. 

the motion of the particles on the impeller, the trajectory of the airbome particles 

and then finds the ground impact point along a üne perpendicular to the direction 

of the distnbuter travel. In al1 these models the Ca wss taken to be independent or 

the velocity- These models were developed for spreaders mounted on ground vehicles. 

Due to the short vertical travel path and fertilizers having relatively larger sizes, no 

loss of accuracy was expected. It was reported that the widtli muid be well pre- 

dicted and the locations of peaks and vallep could be approximated using tliis mode!. 



A lot of work has been done to model the travel path of spray materials emanat- 

ing from aircraft. Teske et ai. (1993) reviewed the deveiopment of the aerïal spray 

dispersion model FSCBG ( Forest SeMce Cramer, Barry and Grim ) developed by 

the United States Department of Agriculture Forest Sewk and the US Amy. It is 

reported that this model predicts the behavior of s'pray materials released througli 

nozzles into the wake of a spray aircrafk traveling through idealized atmospheric ef- 

fects, penetrating a canopy and depositing on the ground. The model includes the 

spray behavior (evaporation, drift), aircralt wake effects, rneteorological influences, 

canopy interactions, and deposition. It is reported that using this model to dry mate- 

rial distribution is very difficult due to complicated variable inputs (Gardisser, 1997). 

Gardisser (1992) developed FEFUZ, a PC based cornputer program to simulate the 

dry material distribution patterns from @cultural aircraft. This program models 

Ram-air type spreader applying fertilizer. The following equations of motion in t hree 

dimensional space were use& 

where, V,, V,, V ,  are the velocities in the respective coordinate directions. IC is the 

aerodynamic resistance coefficient and is given by: 

Gardisser (1992) used elutriator to determine tenninal velocity experimentally. An 



elutriator conçists of a vertical tube with a fan. The velocity of the air in the tube 

is vaxied within certain range. The velocity of the air that just balances a particle 

in the tube gives the terminal velocity of the particle (Law and Coilier, 1973). The 

particle was divided into size categories based on sieve sizes and terminai veiocity of 

each size categories were determined using the elutriator. 

The effect of atmospheric wind velocity was included in this mode1 from the work 

of Rosenberg (1984). Under condition of neutral atmospheric stabiiity, the mean 

wind speed profile over an open, level relative- smooth site can be described as 

a logarithmic function of elevation. Rosenberg derived the foilowing relation which 

relates the known velocity at a known altitude to the expected velocity at any altitude: 

Where, V, is the velocity of wind at some known height Zl and V2 is the velociv at 

height Z2. D is zero plane displacement and 4 is roughness parameter calcuiated 

b y- 

log D = 0.977 log h - 0.154 (2.26) 

in the above equation, h is the crop height. 

Gardisser (1992) concluded that airspeed inside the spreader, crosswind, aircraft 

speed, altitude and material Fiow rate al1 dected tlie swatli width. Air-speed? aircraft- 

type, and material Bow rate affected tlie pattern uniformity. As these values increased, 

swath width and uniforniity decreased wit li the escept ion of altitude. As altitude in- 

creased, swat h widt h increased slightly. 



AU the simulation models described so Car, provide a two dimensional view of the 

distribution pattern Le. the expected deposition perpendicular to the line of the 

motion. Su& two dimensional models will be of ürnited use in developing a control 

system to vary the application rate so that site-specific deposition rate is achieved. 

Olieslagers (1996) simulated a* spinning disk spreader with the view of developing 

a control s ys tem to achieve site-specific application. To calculate the distribution 

pattern in the travel direction, the transverse pattern shape and width was assumed 

to remain constant. The static patterns were elongated and summed, proportional to 

the travel speed. The sum of these elongated patterns gives the particle distribution 

in the travel direction. 

2.2.3 Pattern Analysis 

The final pattem in the field may be quite a e r e n t  from the single p a s  pattern 

since there is always overlapping of the succeeding pattern edges to achieve uniform 

spreading. It may be possible to improve the uniformiv of the pattem by overlap- 

ping the pattern correctly. But overlapping different arnounts wili change the average 

application rate and also very likeiy change the unifonnity. 

It is also possible to spread in either of two ways, back and forth across the field or 

around and around the field. In back and forth appücation the adjacent swath will 

be in opposite direction and in racetrack application adjacent çwatli will be in saine 

direction. If the patterns are not symrnetncal about a centerline dong the flight, the 

back and forth spreading will give a much different final pattern than the race-track 

spreading as shown in Figure 2.4 

Reed (19 70), developed a computer program that detennined the optimum swat h 



overlap. The program reads the ground deposition data and then overlaps the pat- 

tern successiveIy to get a combined pattern that has lest coefficient of variation Cv. 

Certain pattern shapes like triangular or trapezoidd are more desirable than 0th- 

ers since these patterns can be combined to get unifonn final deposition. But the 

distribution patterns are frequently not smooth and reg& nor symmetric. Roth 

et al., (198S), investigated the effect of swath overlapping on some non-symmetrical 

distribution pattern. Several pattern shapes were selected and evaluated on the basis 

of varying the swath interval, calculating the coefficient of variation and selecting 

the largest swath having a minimum coefficient of variation. Three types of non- 

symmetric patterns, namely, mid-pattern disturbance, pattern-edge disturbance and 

offset symmetric, were analyzed this way . Both back and forth and race track appli- 

cation method was anysed for each of the non-symmetrical patterns. 
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Figure 2 -1: Ftee Body Diagram of Particie in Free fiight (Reints and Yoerger, 1967). 

* 

Figure 2.2: Drag Coefficient for Sphencd Particles vs. Reynolds Number (Morsi 
and Alexander, 1972). 
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Figure 2.3: Flow Patterns in Horizontal Pneumatic Conveying (Wirth and Molerus, 
1985). 
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Figure 2.4: (a) Continuous Application, (b) Round-Robin Application, (c) Pattern 
Overlap in Continuous Appücatioo, (d) Pattern Overlap in Round- 
Robin Application and, (e) Pattern Overlap vs. Coefficient of Variation. 



Chapter 3 

Model Development 

3.1 Particle Trajectory Model 

Consider a spreader at an altitude of h. A particle of rnass, 5, diameter, 4, and, 

densiv, p, is ejected from the spreader with an initial velocity, V,. The final location 

of the particle on the ground wiiI depend on the initid velocity, direction and the 

trajectory of the partide. Let cr and 0 be the angle made by the spreader exit with 

the X axis in XZ and XY planes ( refer Figure 3.1) respectively. Assuming that the 

particle loliows the direction of the spreader exit (Gardisser, 1992), the initial particle 

velocity in three dimensional space can be written as: 

- If the spreader is attached to a aircraft or helicopter which moves dong the Z axis 

with a velocity Vc, then the initial velocity of the particle in Z direction is given by, 

Once out of the spreader, the trajectory of a particle in the air is determined by 

the equations of motions arising kom the forces acting on the particle moving in 

air including buoyancy force, gravitational force, inertial force, and drag force. The 
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buoyancy forces can be neglected because the density of air is much smaller than the 

density of the particle (Hofstee and Huisman, 1990). Considering the baiance of the 

remaining three forces, the foilowing equations descnbe the motion o I  a particle in 

t hree dimensional space (refer Figure 3.1). 

where Fz, F, and Fz are components of the drag force F. The drag force, F, can be 

written as: (Yates et al., 1973) 

where, V, is the relative velocity of the particle wit h respect to the surrounding air. 

This equation can be written in three perpendicular directions X,Y and Z as: 

Substituting F., Fv and Fz from equations (3.9): (3.10) and (3.11) into equations 

(3 .3 ,  (3.6) and (3.7) the following relations cm be written: 



a For a spherical particle, m, = p,f and A, = $. Substituting in equations (3.12) to 

(3.14) it can be deriwd that: 

Equations (3.15) to (3.17) can be solved numerically if the coefficient of drag, Cd is 

koown. As discussed in Chapter 2, the coefncient of drag depends on the particle 

velocity, and t here is no mathematical relation to calculate it analytically. Two di f- 

ferent approaches has been employed to solve this pmblem: 

(2) Assume that the flow is always in the turbulent cegion ( Re > 1000). This enables 

one to take constant value of Cd of about 0.44 and then solve the equation numericaiiy 

(Olieslagers et al., 1996). 

(zi) Experimentaily determine the terminal velocity of the particle, Kt and use it to 

calculate Cd (Gardisser, 1992). 

In first approach, Cd is always taken to be 0.44 irrespective of particle size and ve- 

locity. For large and heavy particles and For particles ejected from low altitudes this 

assump tion does no t compromise the accuracy. Large and heavy particles are always 

in turbulent Row regime in air. S m d  particles wliich could attain the larninar flow 

when they travel in their lree fa11 velocity (terminal velocity) impact ground before 



this happening in a low altitude ejection. In second approach, Cd jS again taken con- 

stant, but it corresponds to the particle terminal velocity. Thus particles of WerePt 

sizes have dinerent Cd. This approach gives correct value of Ca for the portion of 

the trajectory in which the partide is moving at temiinal velocity. 

In this study, Cd is cdculated from the curent Reynolds numbet using the foIlowing 

empirical relation deveioped by Baider and Levenspiel (1989). 

where, Reynolds number is calculated using the following relation: 

Kinetic viscosity of the air, c<, depends on air temperature and may be calculated 

using (Teske, 1994): 

The advantages of this approach are: (i) the cumbersome experhnentai detemiination 

of the terminal velocity is avoided and, (22) the model is valid for a wide range of 

Reynolds number, within which the empirical relation holds. This particukr qua- 

tion has RW deviation of 0.024 in the range where the Reynolds number is less than 

2.6 x 105. 

Equat ions (3.16) to (3.17) , have been developed for a single particle flowing in air and 

may be used in the mass fiow condition, providing the concentration of the particles 

is very low so that the interaction among the particies can be neglected. In the past 

studies the single particle equations of motion were used to predict the trajectories 

of particle in air, without any reported loss of accuracy (Yates et al., 1973: Lee and 



Yates 1977 and Gardisser, 1992). The reason may be, once out of the spreader device 

the particles wiU follow quite distinct trajectories due to the differences in their size, 

shape and, exit vdocity, thus minimizhg any effects of their interactions or collisions. 

3.2 Deposition Mode1 

The particles inside the spreader are expected to be quite concentrated and the single 

pa,rticIe equations, as dewloped above may not be used. The collision among par- 

ticles and with the spreader tube walls, the air turbulence, and the rotation of the 

particles, causes a high degree of uncertainty of any one particle's velocity. Therefore, 

the modehg of the particle motion inside a spreader is very cornplex and is out of 

the scope of the present study. However, it îs commody known that when particles 

travel in a Buid, the particles will generdy tend to lag behind the fluid (Wioto, 

1990). Consistent with previous work (Gadisser, 1992) the average velocity of the 

particles is assumed to be 60% of the air velocity carrying t hem. The paxticles are 

assumed to foUow the exit geometry as they emerge from the spreader. From these 

values of initial velocity and direction the trajectories of the particles are calculated. 

Assuming constant density and further assitming that d the particles are spherical, 

the tra jectory of a particle will now depend upon its size ody. The size of the material 

used in aerial application may vary, not only fiom one material to another but also 

among particles of the same materid. X a t d  substances like seeds always grow in a 

range of sizes and manufactureci chernical paxticles too can not be expected to have 

exactly same sizes due to the unavoidable randomness in the manufacturing processes. 

Sieve analpis is a commonly used method to separate the contirnous size distribution 

into discrete size groups. Sieve analysis consists of measuring what percentage of 



materials is retained in a sieve having standatd size of wire mesh. Table 3.1 Lists the 

minimminimum size a particle can be and be retained on a specific sieve (Gandrud and 

Haugen, 1985). For example, Referring to Table 3.1, if 50% of a sample of particles 

is retained in sieve number 18 and out of these 50% are retained in sieve number 20, 

then 25% of the total particles have size between 108O~<m and 925 Pm. 

AU the particles in a particular size goup are then treated as a single particle of 

size equd to the rnean of the goup and the trajectory of such particles are traced 

using the single particle equations, (3.15) to (3.17). To indude the randomness in the 

particle impact locations it is assumed that particle impacts would also approximate 

Gaussian distribution (Gardisser, 1992). 



Figure 3.1: Coordinate k i s  for the Trajectory Equations. 



Chapter 4 

Experimental S tudy 

Two types of tests were conducted. In the first set of tests, commonly refmed as 

field test, dry material was applied fkom an air-bome spreader, and the materials 

were collecteci on rows and coiumns of collectors placed strategically on ground. The 

amount collecteci in each collector when plotted against the location giws the depe 

sition pattern. 

In the second set of tests the spreader was operated on the ,gound and its abiIie in 

conectly and consistently meeting the flow rate was accessed. The ef5ect of various 

settings on the flow rate was also measured. These tests are termed as 'stationary 

tests ' hencefort h. 

4.1 Field Test 

It is commonly accepted that distribution uni for mi^ is affected by spreader design, 

material properties , ap pücat ion rate, aircraft operat ing paramet ers ando ambient con- 

ditions (Whitney et aL, 1987). Field tests are the most popular rnethod of obtaining 

the deposition rate and the pattern uniformity on the gound. 

Field tests were conducted to find the actual distribution on the field. The aim of 

the field test was to determine the degree of uniformity, both across the Bight h e  



and, along the Bight Iine, which typically exïsts with c m n t  equipment and technol- 

ogy. The tests were conducted by varying the altitude, Bight speed, application rate 

and, spreader setting to study the d e c t  of these -ables on the distribution pattern 

shape and uaif0rxn.i~. 

The tests were conducted on mornings of July 1995 and Aug 1996. The wind move- 

ment is the least in the mornings due to relatively d o m  temperature distribution 

in the atmosphere. Blônl;s, provided by the manufacturer of the Dursban ( a chem- 

ical Iarvicide), were used to conduct the tests as the actual chemicai could be toxic. 

B h n k  undergo the same manufacturing process as the actual chemical, but are void 

of any active chemical compound. 

A field outside the city limit , provided by the lnsect Control Branch of city of Win- 

nipeg was selected as the test amund. The layout of the field for distribution pattern 

is shown in Figure 4.1. Two rows of 21 containers were placed on a h e  perpendicular 

to the line of Bight and separated by a distance of lm, so that a swath of 32 rn was 

obtained on the ground. 

The surface cross-sectional area of the collecter containers is 0 .X m2, wit h dimensions 

of 40 cm by 60 cm and a depth of 25 m. The side which is 60 cm long was placed 

along the axis perpendicular to the line of flight (the math  axis) so that more of the 

swath was covered by each individual container. 

In order to obtain a distribution dong the fiïght üne7 one row of bins were lined up 

pardel  to the line of the Bight at a distance 6.4 m from the Bight h e t  as shown in 

the Figure 4.1. The bins were kept a distance 3 rn apazt for a length of 100 m from 
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the star t  of the application. The bins were kept 20 m apart for another 100 m. The 

final LOO-rn, after the pilot stopped applying was again covered with bins 3 m apart. 

Ail the bins were labeled to identify their location on the ground. 

The foilowing set of tests were conducted with various altitudes, helicopter speeds, 

chexnicd flow rates and spreader settings. Each trial was mn twice, yidding two 

repetition of every test. 

Test 1: Standard: Altitude = 50 f t; Airspeed = 80 e; Flow rate = 3 5. 

Test 2: Altitude = 25 ft; '4irspeed = 80 e; Flow rate = 3 &. 

Test 3: Altitude = 100 ft; Airspeed = 80 e; Flow rate = 3 2. 

Test 4: Altitude = 30 ft; Airspeed = 70 e; Flow rate = 3 &. 

Test 3: Altitude = 30 /t; Airspeed = 90 e; Flow rate = 3 S. 

Test 6: Altitude = 50 f t ;  Airspeed = 80 2; Flow rate = 6 2. 

Test 7: Without Dispersal Tube. Dispersal tubes, which directs the flow tom& the 

center of the Bight, was removed. Altitude = 30 ft; t ; e e d  = 80 e; Flow rate = 

Test 8: Without Dispersal Tube. Altitude = 50 ft; Airspeed = 80 $; Flow rate = 

3 A. mm 
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Test 9: This test was conducted on Aug 1996. The test w& simplified viewing 

the constraint of the resowces available. 74 bins were laid side by side in one row 

perpendicuiar to the flight, covering the swath of 44.4 m. HeIicopter was Bown over 

this row at  standard altitude of 50 ft. and speed of 80 e. Test was conducted for 

flow rates of 3 and 6 a. In theses tests the dispersal tubes were removed. 

4.1.1 Data Collection and Analysis 

After each Bight the content inside the containers were carefully emptied in plastic 

bags, using painters soft brush. The content of each bag was weighed to the nearest 

0.01 mg, on a digital precision weighing station. The weight of the content of each 

bag divided by the swface area of the bins( 0.24 m2) gîves the deposition rate at 

the particular location. The deposition rate when plotted against the position of the 

coilectors on the fieid gives the distribution pattern. Figures 4.2 to 4.10 show the 

distribution plots. 

For statistical cornparison, the average deposition rate of each line of coilector is cal- 

culated. For test 9: only the coIlectos having non-zero deposition was taken into 

account, because a strong cross wind swept the pattern and the collecter row rnissed 

a simgifkant portion of the actual swath. 

The pattern uniformity is measured using coefficient of variation, Cm. C .  is defmed 

as: 

Standard Dezriatim 
C, = x 100. Mean 
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4.1.2 Distribution Pattern Along the Flight 

In ail the eight tests, with reference to Figures 4 3  to 4.10, the deposition pattern in the 

Bight direction showed a very high application rate at the bepinniog of the application. 

It appears that the meter @ves a burst of chernicd as the appïcation is started and . 
after a short t h e  it resumes operating at normal condition. It is suspecteci that the 

,oraule gets coilected at the bottom of the hopper, due to vibration, before pilot starts 

application and this resdts in a high deposition at the start of the application. This 

problem may have senous environmental conceni as the high concentration of toxic 

material may be harmful to not targeted species. Most of the previous mearchers 

have reported results from field tests in which ody the transverse patterns were 

messured. Thus this problem has been undetected/unreported so far. 

4.1.3 Distribution Pattern Across the Flight 

Test 1 

This test was conducted with standard settings. The standard is d&ed as, helicopter 

speed of 80 altitude of 50 jt., and a rate of 3 kg/min. The distribution pattern 

is as shown in Figure 4.2. Rest of the tests are mmpared with this test. 

Test 2 and Test 3 

The altitude of the heiicopter was varied for these tests to 25 f t  and 100 ft: respec- 

tively. As expected a narrower swath for low altitude application and nider swath for 

the higher altitude application is obtained (Figures 4.3 and 4.4)- A higher altitude 

application &O produced a better uniformiîy of the deposition. The reason being 

the particies remain longer time in the air, which enables their trajectories to follow 

diverge paths. 



Test 4 and Test 5 

The heiïcupter speed was varied to ?O 2 and 90 respectively for these two tests. 

We expect higher deposition rate when the helicopter speed is decreased and Iower 

deposition rate when i t  is inaeased. If the meter maintained a flow rate of 3 &, 
and assuming a swath of 30 m, a speed of 70,80, and 90 should resuIt in average 

deposition of 0.857, 0.75, and 0.666 $ respectively. The tests resuits however, codd 

not estabbh such trend (Figures 4.2, 4-5 and 4.6). 

Test 6 

The flow rate was increased to 6 3 for this test. This should result in 1.3 $ O, 

a swath of 30 m. As expected there is an increase of application rate as shown in 

Fiawe 4.7. 

Test 7 and Test 8 

These tests were conducteci with the tubes, which axe used to direct the parcicles 

towards the center of the fiight, removed. It was previousiy reponed that the removal 

of the tubes did not affect the uniformity of the application since the mriabiiïty in 

the panicle impact location made sure that the center of the math receives particles 

(Saunders and Barr, 1993). As can be seen in Fjwe  4-8 and 4.9 at two Werenr, 

flow rates, the uniformity of the deposition has been affected. Therefore. in our 

application, the tubes play important mie in making nue the center of the pattern 

receives parcicles. 

Test 9 

The result of the field test 96 is ploned in Figure 4.10. As is seen the paaem is swept 

by the nrong cross wind. The pattern shows a increase in deposition rate when the 



application rate is increased. The eEect of aiss wind is very sie@f?cant. 

A statistical summary of the field tests is @en in Table 4.1. In the table the letters 

P and R denotes helicopter pass and bin row, respectivelk For example PIEU relates 

to the firn pass second row results. In 96 test, since there was only one row, the cells 

corresponding to second row ak Ieft empty. Referring to Table 4.1 and the pIots the - 

following are no ted: 

1. Increase in flow rate (Tests 6 and 7) resulted in increased deposition rate. 

2. Higher flow rate resulted in higher C, values. This means deposition unifonnity 

is worse for higher flow rate. 

3. Removal of the belly tube have adverse effect on the pattern uniformity, as 

shown by the higher value of the C, (Tests 7 and 8). 

4. Flying in lower altitude resuits in decrease of swath width (Tests 1 , 2  and 3). 

4.2 Stationary Test 

4.2.1 Stationary Test Station 

A photogaph of the actual spreader is as shown in the Figure 411. A t e s  nation 

was deveioped to conduct tests on the spreader since to conduct tests on the spreader 

while the hericopcer is tunning was found to be io~y difncuit and unsafe. The hoppers 

and the spreader tubes are detachable Erom the Helicopter. h Fan driven by elearic 

motor was used to produce the same wind wlocity exking the tube as Mth t h  

hydrauiic blower. The tests were conducted for the Dursban b W .  



Effect of Hopper Level on Flow Rate 

This test was designed to access the &ect of amount of the chernid inside the hopp& 

on the output. Ideally the fiow rate of the spreader should vary with the rotationai 

speed of the rotor and the opening of the hopper to the auger only. The amount 
b 

of the chernical coming out of each hopper was coilected in piastic b a s  for a ked 

amount of time and the collected amount was weighed. This weight when divideci 

by the the gives the flow rate. Figure 4.12 shows the &ect of the material in the 

hopper to the fiow rate. The flow rate is d e c t e d  by the amount of chernid in the 

hopper. 

Effixt of Mater opening on Flow Rate 

him of this test was to observe the effet of the meter opening on the output from 

the spreader. First the meter was opened to the maximum (refer Figure 1.3). The 

output rate fkorn each side was determined as before, Le-, coUecting the material for 

a @en period in a plastic bags and then weigW the entent). This was repeated 

for d e c ~ e a s ~  meter opening. Fiogre 4-13 depicts the change in flow rate with the 

change in meter opening for each side. 

Effect of Deflector settings on the Flow Rate 

The Stream of material-air mixture is first divided into two pans by a ddector plate 

that nins wrcical dong the spreader. Referring to F i m m  1.3, the ratio of the amount 

can be regdated using a screw that pulls or pushes the defiector plate thus chane$ng 

ihe area of each partition. It was obserwd cha t  20 fidl tums of the screw moves the 

p ia~e  by 1 in. The test was a m e d  aith the leas opening for C and was increased by 

4 curns (0.2 in) at a time. The -e in flow rate korn each outlet as the deflector 



position is h g e d  is shown in Figure 4.14. 

R e f m  to Figure 1.3 the rest of the stream is again divided into two parts with the 

help of a deffector plate "Bn. The angle of the defletor plate can be mried. At O 

de- the phte is paralle1 to thé spreader pipe and aU the s&n is directed towards 

the outlet A. As we gradudiy increase the angle, more and more of the stream is 

directed towards B. Readings were taken for various angles of the d&ctor plate. 

The effect of the deflector plate angle on the flow rate from exits A and B is as shown 

in Fiawe 44.15. 

-4s wwas discussed in Section 4.1, the field test showed a very high output fkom the 

spreader at the beghnhg of the application. No such phenornenon was obsemd when 

the tests were conducted on the gound. Therefore the bmting of the material at 

the s t a r t  may be associateci with the vibration of the metering device when attached 

wit h the helicopter. 

The patterns across the Eght showed that the deposition patterns were Far fiom be- 

ing uniform. Above 60% Coefficient of Vanation values were cypical. The patterns 

were not symmetric to the pattern centeriine. The average deposition rates were sip 

niIicantly dinerent for two Bights of the same test (tefer Table 4.1). The fiow meter 

was not able to maintain a consistent flow rate. The shape of the patterns were also 

signincantly djnerent kom one Bight to another and thus making it impossible to 

draw any conclusion about effect of operating conditions and macerial properties on 

the pattern shape. 



The spreader may have b e n  designeci for a higher ffow rate. The caübration c m  

-of Fimgne 4.13 shows that the region near 1 3 is nonlinear. Since the spreader was 

used to r a t a i n  a BOW nite at this region, setting of the meter in this region was 

very dïfBcuk. It was observed that the operator had to undertale quite a few trials to 

maintain an apprcuümate flow rate. The flow rate was adjusted ushg a siidhg phte 

at the bottom of the hopper. Usag this mechanism, it was very dinicdt to change 

the Bow rate by 0.2 or 0.5 a. Even a d rnovement of the siiding plate dmged 

quite large area of the opening. Thus, the metering system rnay aot be suitable for 

the low application rate under the study. It was &O o b s e d  that the amount of 

materid in the hopper had no &t on the flow rate for the range (15 to 73 kg) 

tested as seen in Fiogre 4.12. The deflector plates in the spreader tube were effective 

in changing the amount of materi& going through each outlet as seen in Fib- 4.14 

and 4.15. 
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Figure 4.12: Hopper Level vs. Flow Etate. 
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Figure 4.14: Defiector 'C' Position vs. Flow Rate. 
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F i m e  4.15: Defiectot 3' Position vs. Flow Rate 



Chapter 5 

Simulation Study 

5.1 The Particle Trajectory Mode1 (TRAJECT) 

The single particle equatioos of motion describeci in Chapter 3.1 is now utiüzed to 

develop a cornputer program d e d  TMJRCT, to simulate the trajectory of a parti- 

de ejected kom a height. The efIect of particle properties (size and density), ejection 

velocim and altitude on the trajectory and the range of a particle are nudied using 

this program. The range of a partide is defined as  the perpendicdar distance from 

the Bight iine covered by a particle before it reaches the gound. 

The equations of motion (3.9) to (3.11) are to be solved nurnericajly. me classic 

fourth order Runge Kutte is used to perfom the numerical integration. The initial 

velocity of a particle is cdculated using equations (3.1) to (3.4). The coefficient of 

drag is calculaced at each s e p  from the current value of the Reynolds number. The 

calculation stops when the panical reaches ground. The total distance moved dong 

the horizontal $TES the rage of the panicle. 

5.1.1 Effect of Particle Physical Properties 

The eEect of two of the most importmt phpical properties. namely: size and densint 

are ~udied.  The size of a ïpherical panicle has wo opposing eifecrs on the range 

o i  a particle. The drag force. F! as given by equation (3.8) is directly proponionai 



to the diameter of a particle. Thus a Iarger partide expenences more drag force, 

which reduces the range. On the other hand the le& hand sides of eguations (3.12) to 

(3.14) represent the inertial force acting on the particle. The inertid force is directly 

proportional to the mass of a partide (Newton's second iaw of motion). Since the 
L 

mass of a sphencal particle is proportional to the cube of the diameter, an increase 

in size of a particle increases the range of the particle. Figure 3.1 shows the efSect of 

particle diameter on the tsajectory. Consistent with the theory, it is obsemd that 

the larger sized particles tram1 father than the d e r  ones. 

The density of a particle affects the mass of the particle. h denser particle has higher 

mass for the same size of a lighter particle. Thus an i n m e  in density of a particle 

increases the range, as depicted in Fi,gre 5.2. 

5.1.2 Effect of Ejection Velocity and Altitude 

Particles with a higher initial velocity travel farther due to their inertia Fi-we 5.3 

shows a number of trajectorïes of a particle with different initial velocity. 

The altitude of the particle ejection may affect the range if the particle resches the 

gound before its motion is pmly vertical. From Figures 5.1, 5.2 and, 3.3 it  is 

observed chat the parcide motions are vertical for ail practicle purpose well before 

the particle hits the gound. Therefore, unless the altitude of ejection is very low 

(application from spreader attached CO gound vehicles) the range of the particle is 

not atfected much by a change in dtitude of the Bight. 



5.1.3 S u m m a r y  

Figm 3.4 depicts the e f k t  of the exit velocity, particle ske and demity on the 

range of the particles. It may be summarized that in order to get larger spread, 

(2 )  particle size should be increased, (ii) particle density should be inaeased, (Zn) 

ejection veiocity should be increased and, (iv) altitude should be high enough so that 

the particle have no or negligible motion in the horizontal direction. However, it may 

be noted that Iarger particle size and density means fewer particles per unit area on 

the field, and this may d k c t  the effkctiveness of the chernical. Higher ejection velociv 

requires higher kinetic energy input, which may or may not be justifid dependhg 

upon particle density and size. Thus a car& selection of these variables is needed 

to get the best possible spread. Program TRAJECT is helphii to the aerid solid 

material applicatoa in such selection processes. 

5.2 The Deposition Mode1 (DEPOSIT.) 

Though helpful in nudying the effect of various variables on the travel of a parti- 

cie the particle trajectory program in itself does not provide information about the 

deposition pattern of the particle. The deposition pattern depends not ody upon 

the individual particle propenies Le size and density, but also on the make of the 

spreader. flow race, altitude: wind v e l o c i ~  and aircraft qeed (Bouse. 1985). 

In che present arrangement. the variables pilot can change whiie flying is the helicopter 

speed, direction. and altitude. Change in aircraft speed wodd -es the average 

deposition rate (DR). DR is rehted to the aircraft speed (VG) , m t h  width (S) and 

the total chexnical 00w rate (Q), by the following relation: 



DR 

The altitude of the flight wül not &ect the deposition rate directIy However, if the 

altitude is very low then particies may reach the gound with horizontal component 
4 

of the veiocity still high enough to reduce the dective math width. 

It is observed, from the particle trajectory simulation, that the initial direction and 

veio city of a particle has a very important roie in deciding the gound impact location 

of che particle- Determiniiig each particies speed and direction as it cornes out of the 

spreader is out of scope of the present study. The experimental determination of the 

panicle veiocity and direction requires extensive instrumentation and excessive signal 

processing (Hohee, 1994)- H o t e e  report& a scheme of using ultrasonic tramducers 

utilizing Doppler shift, needed about 13 hom of processing time to process all the 

data associated with a measmement k i n g  about 3 minutes. 

Consistent with the previous work (Gardisser, 1992) the exit velocity of particies is 

taken as the 60% of the rneasured air veiocity at the exit. With the help of a indimi 

tube manometer, the average velocity of air at the exit was measured to be 20 T For 
the spreader under study. The panicie corning out of an exit was assumed to follow 

the direction of the exit. 

The DEPOSIT program nrsl clessifies the particle into finite size categories assurning 

a noma1 distribution. T a h g  inidaI particle velociry of 60% of the measwed spreader 

air-velociry and the direction same as the direction of the ourlet. ïhe trajettory of 

each size class is determined for dl the outiets using the single ppanicie equarions of 



motions. Such model, as expected, will indicate that all the particles from an exit, 

belonging to a Size goop, impact at exact& one location on the grouad. In realiv 

this is not expected tu be tnie. That is because there is dways slight merences in 

particle size, shape, mas,  initia1 release direction, air turbulence etc. that introduce 

randomness in the impact location. 
a 

In the model devebped by Gardisser (L992), the impact location was assumed to 

approximate a Gawian distribution c m .  Similar approach has b e n  adopted here. 

The pr0,px.n determines the expected impact location of each size category of the 

particle using the TRAJECT program and then normalizes the impact location to 

account for the uncertainty. This is done for each outlet and W y  the particles 

impacting over a range ((1 m x 1 m) of math is summed together. This amount 

when divideci by the smiulated collection area @ves the expected deposition rate at 

a particdm location. -4 set of data input for a typical nui of DEPOSIT program is 

Sven in Table (3.1). 

Fi,we 5.5 shows the predicted pattern for standard operaring condition. We d e h e  

standard operating condition as 50 f t  helicopter altitude, 80 2 speed, 3 2 flow 

rate and no atmospheric wind. 

Fiame 3.6 depicts the pattern when helicopter speed is increased to 120 9. Aigher 

helicopter speed affects the pattern in two waysr m l y :  it results in a lower deposition 

per unit area as the helicopter covers more area in a given cime: second-, the swath 

becornes narrower as the particies tend to move along the direction of the Q h t .  The 

simulaced pattern show these trends. 



Fi,gxe 5-7 shows the predicted pattem if the altitude of the Bigh is very Iow (10 ft) . 
The Iowr altitude application may Iower the swath width as particles are unable to 

achieve their fidl range. The deposition nniformity is also afkcted as particles have 

less time to diverge from each other after they emerge together from the exit. The 

very high deposition at the middle of the pattem and a slîght reduction of the swath 

width can be noted in the Figure. Figure 5.8 gives the predicted deposition pattern 

if a cross wind of 2 y is present while appiying. Pattern has shiited nom the Bfght 

line due to the presence of the wind. 

The advantage of a simulation mode1 is the abiliw to euperhent with different combi- 

nations of the spreader geometry and material properties. Figure 5.9 shows the &ect 

of varying the angle ,B of the exit "Cm (refer Fiove 1.3) on the deposition pattern. 

For clanty two dimensional deposition plots are used here-Forth. k can be seen in 

the Figure, 65 degres @ves the best possible result. Fiegre 5-10 shows the effect of 

the an& 9 of the exit Sn. An angle of 30 degees or more contributes positively 

towards the better spread of the particles. 

The effect of the particle size dismibution is shown in Figure 5-11. The Gaussian 

distribution with iarger standard deviation helps in achieving better spread. Fiegure 

5.12 shows the deposition pattern when 4 outlets placed at equal inte& with q u a  

0ow rate of material and with same exit angle is simulated. As seen in the Fiogre' this 

deposition pattern does not ha\% betor uniformig when compared aith the patrem 

with three outlets and optimum sett-. Thus. if the exit ang!es and the percent- 

of materiai through each exit is elected carefuily: it is noc necessary co incresse the 

number of pons. 



One of the observations of the field test was, dispersai tubings which were used to 

direct the material towards the center of the pattem play an important role in schiev- 

ing better deposition uniformity (Chapter 4.1.4). Fiewe 5.13 shows the deposition 

patterns with and without the tubes. As seen in the Fie-, the tubes help the center 
b .  

of the pattern receive the material- 

5.3 Cornparison of Simulated patterns with the Test Pat- 
terns 

Tests resdts emxuted under ideal conditions (no disturbance o ~ i n g  to wind. no 

change in meter setting due to vibrations, no judgemental error by pilot in main- 

taining the specsed altitude, h e  of aght and speed) are needed for validation of 

simuiation modeL Since such test data are unavailable, tests data obtained by con- 

ducting field tests as described in Section 4.1 are used for the comparisoe 

For each set of input (fight speed, altitude, application rate and cross wind) there 

are four test patterns (two rows of collection bins and two passes over them). The 

average of the two rows is used for the cornparison. The simulation program produces 

a unique pattem for one set of input. Since there is considerable variation Erom one 

test Bight to another, the test pattern of boch flights are compared. 

The cross wind causes the pattern to shift in its direction. To account for the effect 

of cross wind. the cross wind vdocity in the mode1 input is selected such that the test 

pattern and che mode1 pattern enter are matched approximately. 

The cornparison for teses 1 to 8 are precented in Figures 5-14 to 5.21. O d y  the 



distribution pattern of a aoss section of the Bight is shom. Figue 5.14 shows the 

cornparison for the standard condition ( 50 ft. altitude, 80 heiïcopter speed, and 3 

application rate). A portion of the swath has b e n  lost probably due to the cross m* 

wind present. The test pattern for the &st Bight shows d e r  average deposition 

rate as compared to the predicted pattern. The reason may be since this tek was 

conducted on early morning, the grandes absorbed moisture from the atmosphere 

and many got dissolved on impacting the hard plastic surface of the collectors. The 

simulateci pattern has narrower swath width tban the test pattem. The down-wash 

kom the helicopter rotor may have contributeci to the spread of the panides. This 

effect is not inciuded in the modeL Both the test patterns and the predicted pattern 

ha\- a high pe& on the side lrom which wind is blowïng (Mt to right). 

When the altitude is reduced to 23 Jt, keeping other variables constant, the swath 

has reduced for test pattern as expected (Figure 5-15). The sirnuLated paztern stiu 

shows about the same swath width. The reduction in test pattern math width is 

due to the particles having les  time in air and thus minirnjzing the dects of the 

atmospheric and rotor wind. 

The test with 100 ft shows an inmase of the math as shown in Fieme 5.16. The 

cross wind may have changed siboaificantly nom the time of first aght  CO chat of sec- 

ond füght. The test patterns are weU qmad  over the swath. Righ altitude application 

chus faciiitates the spread of the particle. High altitude application is affected more 

by any cross wind present. 

Figure 5-17 depicts the cornparison when the helicopter speed is reduced to 70 

bm/hr, keepinp other variables at sandard condition. The reduction in speed should 



resdt in higher deposition rate. The test pattern does not show this but the simu- 

lated patteni shows an increasein deposition rate. When the speed is increased to 90 - hr (Figure 5-18), the decrease in deposition rate is predicted by the simulated pattern. 

The pattern with 'increased rate of chernid (6 &) and the predicted pattern is as 

shom in Figure 5.19. The inaease in tieposition rate is predicted by the simula- 

tion pattern. Fimure 3.M shows the cornparison, when the innermost outlet at each 

side was removedt These tubes are used to direct the demical towards the center 

of the Bight line. Figure 5.31 shows the c o m p ~ n  for the similat setup but the 

rate of chmical reduced to 3 2- The deposition rate has not decreased for the test 

patterns. This may be due to the incorrect calibration of the Bow mete or change 

of settings after the cslibration. The t e s  patterns exhibit a neeper pe& and d e y s .  

Thus the qualitative g a p h i d  cornparisons of the simulation modd predictions with 

obsenmtions made during the field tests, indicate that the mode1 has some &Ils 

in predicting gened trends in some of the features (magnitude of peaks, &ect of 

cross wind and, the swath width) in the observations. Uncenainties in source and 

meteorological inputs probably help co explain the discrepancies. 



Fieme 5-1: Effect of Size of a Particle on the Trajectory. 
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Figure 5.2: EEecr of Densic- of a Panicle on the Trajectory 
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Figure 3.3: Effect of Initial Velocity of a Partide on the 'Itajectory. 
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Figure 5.9: Effect of Exit 'C* Angle on the Deposition Pattern (Standard Con& 
cion, Uean Size = 1 mm, SD = 2. Angle of "B* = 45). 
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Fiove 5.10: Effect of Exit "B" Angle on the Deposition Pattern (Standard Condi- 
tion, Mesn Size = I mm, SD = 2, Angle of "C" = 63). 
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Figure 3.1 1: Enect of Size Distribution on the Deposition Pattern (Standard Con- 
dition, Angle of '%' = 30, Angle of "C* = 65). 
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Figure 5.12: EEect of Number of Exits on the Deposition Pattern (Standard Condi- 
tion). 
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Fi,gure 5.13: Effect of Spreader Tubes on the Deposition Pattern (Standard Condi- 
tion) 
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Figure 5.14: Field Pattern vs. Predicted Pattern; Test 1 (Stmdard, Cross Wmd = 
0.75 F). 
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Fi,we 5.13: Field Pattern m. Predicted Pattern; Test 3 (Altitude = 25 f t: Cross 
Wind = 0.25 3). 
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Fieme 3.16: Field Pattern Vs. Predicted Pattern; Test 3 (Altitude = 100 ft, Cross 
Wind = 0.0 5). 
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Fi,we 5.17: Field Pattern vs. Predicted Pattem: Test 4 (Speed = 70 e, Cross 
Wind = -0.75 T). 
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Fieme 5.18: Field Pattem vs. Predicted Pattern; Test 5 (Speed = 90 2, Cros 
Wind = -0.73 y). 
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Figure 5.19: Field Pattem vs. Predicted Pattem; Test 6 (Rate = 6 &: Cross Wind 
= -0.5 ?). 
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Figure 5.20: Field Pattern vs. Predicted Pattern; Test 7 (Dispersal Tubes Removed 
Rate = 6 5, Cross Wind = 0.5 y). 
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Figure 5.21: Field Pattern vs. Predicted Pattern: Test 8 (Disperd Tubes Removed. 
Rate = 3 &, Cross Wid = 0.73 3). 



Chapter 6 

Concluding Remarks 

6.1 Conclusions 

Ground deposition patterns of granular particles applied h m  a c h  of helicopter 

borne spreader were studied in this thesis. First of ail a mathematical model was de- 

veloped to calculate trajectories of spherical solid particles ejected from an altitude. 

This model takes into account the gravitational, inertial, and drag forces. Empirïcal 

relation to predict the coefficient of drag for a wide range of Reynolds number was 

identified and was used to calculate the drag force. This method facilitated quick and 

convenient determination of trajectorïes. 

A cornputer simulation program (TRAJECT) was developed and used to study the 

effects of chane@ng the particle size, demity, initial velocity and altitude of ejection 

on the trajectories and the spread of the particles. The simulation results showed 

that heavier and larger particles increase the spread. The initiai velocity with which 

the particies are ejected have direct effect on their spreads. It was also observed that 

for üghter and smaller particles an increase in the ejection velociw may not result 

in significant increase in the spread. The particles in the size range (0.5 1.5 mm), 

attained Full horizontal spread withh the first 10 m travel in vertical direction. For 

panicles in this size range any increase in altitude beyond 10 m wiil have very little 

efTect on their range. 



A second cornputer program (DEPOSIT) was then developed to simulate the ground 

deposition pattern. DEPOSIT gives a 3dimensional view of the expected ground 

deposition pattern if the helicopter speed, sititude, materiai flow rate and the mate- 

rial properties like size and demiw are given. Simulation studies using this pro- 

demonstrated that a higher helicopter speed would decrease the deposition rate if the 

0ow rate was kept constant. The cross wind was found to afEect the pattern shape and 

location significantly. In a past study it was assurned that the sole effect of cross wind 

would be that of shifting of the pattern (Gardisser, 1992). The simulation study with 

DEPOSIT suggested that the shape of the patterns are altered by the cross wind. 

The simulation studies also showed that it was possible to improve the deposition 

unifomity by adjusting the exit geometry settings. DEPOSIT is expected to be a 

valuable tool in future development of control system, so that the rate of application 

could be varied a s  the field need and/or the Qing condition changes. 

Field tests were a h  conducted to obtain the actual field deposition pattern. Both 

along the Bight and across the Bight pattern are obtained. The pattern along the 

Bght detected a problem previously unreporteci. The pattern showed a very high 

application rate at the beginning of the application. This was not observed during 

the test of the stationary spreader. The tests on the stationary spreader showed that 

amount of chernical in the hopper had no effect on the flow rate of the chernical for the 

rang of the test ( 5 7 5  kg). The sliding plate mechaniSm was found to be hadequate 

to control the flow rate of in the neighborhood of 1 kg/min consistently. However, it 

uras found t h t o  the material rnetered from the hopper could be deflected to follow 

the three exits on each side by using the set of deflector plates "B" and "Cn. 



A cornparison between the simulation results and the field tests indicated that the 

cornputer model has the potential to predict some of the characteristics of the depe 

sition pattern. Mode1 could predict the trends in the efEect of clmges in helicopter 

speed, altitude, psaicle properties, flow rate and cross wind. The nwnber of peakç 

and d e y s  and the math width was also indicated by the model to some extent. 

6.2 Recommendations for Future Work 

More work is required to didate the simuhtion model. An indoor test station to 

collect data under controueci condition will help in better understônding of the dep* 

sition process. Further work on accurate method (analflical or experimental) method 

tu calculate initial particle speed and direction will make the impact location predic- 

tion more accurate. 

The flow meter is a prime target for improvement. Fhture work should be focussed 

on developing a variable rate flow meter. A control system could then be added so 

that the meter could adjust the flow rate under varying conditions. 
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