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ABSTRACT 

To provide a background for the discussion of the high 

water consumption rates found in irrigation systems which 

use projectile-type sprinkler heads, the history and evolu

tion of irrigation systems is discussed. The effect of 

evaporation is studied as as explanation for the water 

losses, but it is found to be insignificant. Having dis

covered that evaporation is negligible, air motion caused by 

either wind or entrainment resulting from water droplets is 

examined. Data resulting from a two dimensional model which 

uses Seginer's equations of droplet motion showed that air 

movement is a major cause of water consumption. To give a 

more realistic set of results, a three dimensional model 

which describes the water loss from the center-pivot and 

lateral move irrigation systems is used. Again it is found 

that wind and entrainment effects result in significant 

water losses. 
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CHAPTER I 

INTRODUCTION 

The word "evolution" has many definitions, and with all 

the meanings associated with "evolution" come as many emo

tions. Despite this, very often man's evolution is merely a 

result of the ways man has changed his environment to fit 

his needs. One way man has affected such a change is with 

agricultural irrigation. 

Evolution due to irrigation had its origin, appropri

ately, with the Four River civilizations. Fukuda (1976) em

phasized the development of irrigation in the valleys of the 

Nile, the Tigris and the Euphrates in Mesopotamia, the Indus 

and the Yellow rivers. He cited archaeological reports 

which indicated that cultivation began along the Nile River 

about 6000 B.C. The reports also provided evidence that 

basin or flood irrigation was employed by 4000 B.C. In the 

Nile valley, basin irrigation used dykes for storing water. 

The Mesopotamian River valley, however, was not conducive to 

this system, since this valley was up to ten times as wide 

as the Nile River valley. There, ditching replaced dyking 

as a method of water storage. 

Fukuda also emphasized that the evolution of irrigation 

from an individual scale to a "national" level paralleled 



the development of metal. During the Bronze Age, which 

began about 3500 B.C., there was an expansion of irrigation 

use throughout Egypt and Mesopotamia. Moreover, during this 

period, an evolution of another kind developed: man began to 

exchange ideas with one another. As a result, the use of 

irrigation systems began to spread to other parts of the 

world. By 2500 B.C., basin irrigation was practiced in 

both the Indus and Yellow river valleys. The Yellow River, 

being far less predictable than either the Nile river or the 

rivers of Mesopotamia (in terms of providing water and pre

dicting flow direction), caused the Chinese to suffer con

stant bouts with famine and floods. Their solution was the 

building of large reservoirs to store water during drought 

and canals to control water during flooding. 

Further expansion of irrigation use was the result of 

the continued evolution of communication and of travel. The 

period of world exploration brought irrigation techniques to 

all parts of the world. First explorers traveled to the far 

east. Then, the Europeans began their travels to the 

western hemisphere. These explorers brought irrigation to 

Japan, Korea and North America, and they exchanged ideas 

with the Chinese. The expeditions not only furthered the 

expansion of irrigation, but began the spread of irrigation 

from arid to humid regions. 



Irrigation systems have been established as an agricul

tural tool that has many uses besides providing water to 

crops. Jensen (1980) cited the preparation of fields before 

the rainy season, the reclamation of abused land, the 

fertilization of fields and the manipulation of soil 

temperature to be among the applications. The above 

applications of irrigation systems showed the versatility of 

this increasingly important tool. As the adaptability of 

irrigation systems expanded, the popularity grew as well. 

The increased use of irrigation systems was most noticeable 

in the last one hundred years as remarkable advancements in 

irrigation techniques were made. Fukuda indicated that the 

advancements in hydraulics made in the later half of the 

nineteenth century contributed to the development of various 

systems of irrigation. This progress has been even more 

prevalent since the completion of the second world war. In 

this period, concern for water conservation broadened, so 

flood irrigation usage diminished. Thus flood irrigation 

will not be discussed further. However, the irrigation 

systems which replaced flooding, the lateral move, the 

center-pivot and the drip irrigation systems, are considered 

in this report. 

Each of the above systems listed above have undergone 

many changes since they were introduced. As an example, 

consider the lateral move system which first appeared over 



forty years ago. Addink et. al. (1980) indicated it con

sisted of light gauge pipe lengths or laterals (outer 

diameter of 51 to 152 millimeters) which fit together to 

form a long supply pipe (9.2 to 12.2 meters). The lengths 

were connected with a coupler which was either threaded to 

receive a sprinkler riser or welded to a riser. These 

risers were small tubes (O.D. 25 millimeters) and were of 

sufficient length to bring the sprinkler head above the 

level of the crop. 

The lateral move system was an effective irrigation 

system except for its lack of mobility. To move the appa

ratus to another part of the field, it had to be disas

sembled, relocated and reassembled. In an attempt to remedy 

this, additions to the design were made. First, the later

als were mounted on stands bearing wheels or the laterals 

were made to serve as the axle for wheels which used the 

coupler as its hub (see Figure 1.1). These wheels allowed 

the system to be moved without disturbing the crops and 

without disassembling the system. However, once the system 

was made mobile, it still had to be transported. Tractors 

were used for this task, but were not time efficient. Thus 

the towed lateral system soon gave way to a self-propelled 

version, the motorized lateral irrigation system. 

Although the motorized lateral device grew to be one of 

America's most widely used systems—more than one million Ha 



FIGURE 1.1 

Photograph of 
Lateral Move Irrigation System 



(1.0 Ha = 0.405 acres) are irrigated with this system—it 

too had disadvantages. The most critical of the problems 

was that the system could not be moved in the lateral direc

tion of the supply main without being dismantled or placed 

on wheeled dollies. The latter option gave rise to the de

velopment of the lateral system used most in the United 

States: the wheel mounted sprinkler laterals were driven 

with a shaft independent of the lateral pipe or the tower-

mounted lateral. Rolland (1982) listed several advantages 

of the tower-mounted lateral over its predecessors: 

(1) the motor drive moved the lateral system 

better than a tractor, because it was 

specifically designed for this task; 

(2) the wheels could be turned 90 degrees, which 

allowed the lateral system to be moved from 

one field to the next; 

(3) the lateral could be built to accommodate any 

crop height. 

Rolland decribed the design of the tower-mounted lat

eral to include sections of aluminum pipe mounted on several 

supports forming a lateral whose length can range from 120 

to 640 meters (normally the length is 400 meters). Usually, 

the system's supply pipe does not carry any water devices; 



it pulls a sprinkler line of up to 110 meters long. To 

reverse the tower system's direction, the trailing lines can 

be disconnected and the system can be reversed, so as to 

pass over the trailing sprinkler lines. The lines can then 

be reconnected when the system reaches the far end of the 

lines. This means the system is moved on dry land only—the 

wetted part of the field is left behind—which allows it to 

be used on clay or loamy soils. 

The center-pivot irrigation system gave another example 

of a continuous move irrigation system which had been 

improved since its invention. Addink emphasized that the 

center-pivot system was designed to use practically no 

manual labor. It was developed so that only a small portion 

of the hydraulic power generated by pumping was used to move 

the sprinkler system. However, the evolution of the irri

gation system brought a virtual reversal of the inventor's 

idea of hydraulic power producing counter-clockwise motion; 

electrical power became the primary power source, and it was 

designed to move the system clockwise. 

Despite the changes mentioned above, Addink explained 

that the basic elements of the system have remained un

changed. The center-pivot system consists of a single 

sprininkler lateral. One end of the lateral is anchored to 

a fixed pivot structure and the other end moves regularly 

about the pivot while applying water. The lateral is 
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suspended by cables or trusses attached to drive towers (see 

Figures. 1.2 and 1.3). The drive towers are usually mounted 

on wheels which are positioned 25 to 75 meters apart along 

the length of the lateral, which is 60 to 800 meters in 

length. On each drive tower, a power device is mounted. 

There are four power sources which drive a center-pivot 

system: hydraulic water drive, air-pressure piston drive, 

hydraulic oil drive and electric motor drive. However, as 

is typical with the evolution of any tool, the most con

venient system—electrical power—prevailed. 

Even with the changes in the center-pivot system, this 

remains a convenient system. As a result of this conven

ience, more than three million Ha are irrigated with this 

equipment in the United States. (Note that this system is 

not used extensively in Europe because of the limited 

dimensions and irregular shapes of the fields.) 

Although the center-pivot and the lateral move systems 

are widely used, they are not water conservative. A sub

stantial amount of water is lost when overhead or 

projectile-type sprinkler heads are used. This water loss 

occurs because the water droplets are allowed too much time 

to interact with the air. In a project headed by Dr. 

William Lyle, the time a water droplet spends in the air is 

reduced by a new irrigation system. Dr. Lyle's system con

sists of a lateral move system which has several sprinkler 



FIGURE 1.2 

Photograph of 
Center-Pivot Irrigation 

System with a Cable Supported Lateral 
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FIGURE 1.3 

Photogragh of 
Center-pivot Irrigation 

System with a Truss Supported Lateral 
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heads joined to the underside of the application lateral by 

tubes which bring the sprayer heads to ground level. The 

introduction of the cone producing sprinkler heads and the 

low height of the heads reduce the amount of time the drops 

spend in the air. 

Dr. Lyle's attempt to reduce the flight time of a drop

let was one way to conserve water. Another was to reduce 

the flight time to zero; in fact, if the water never came 

into contact with the air then very little water could be 

lost to the air. A system which applied the solution of 

zero flight time, namely the drip irrigation system, was 

introduced in Germany in 1869. This system was based on the 

idea of introducing water directly to the roots. Thus drip 

irrigation provides a system which applies the solution of 

zero flight time. The system originally depended on the 

diffusion of water through clay pipes. By 1920, the Germans 

were using perforated pipe to introduce water to the soil. 

Interest in drip irrigation virtually ceased when a report 

by House (Davis, 1974) reported that drip irrigation was too 

expensive. This report resulted in little evolutionary 

progress in drip irrigation technology over the next 50 

years. Then in 1964, Blass, in his work in Israel, dis

carded the concept of using the soil as a reservoir and 

replaced it with the idea of drip irrigation as a method to 

keep up with evapotranspiration (the return of water in the 
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soil to the air by evaporation and transpiration) on a daily 

basis. This development, coupled with the introduction of 

plastic pipe and the constant increases in water costs, has 

allowed drip irrigation to become more economically 

feasible. 

The primary components of the drip irrigation system 

were described by Howell et. al. (1974) to include a 

mainline, submains, laterals and emitters. (Figure (1.4) 

shows a typical system layout.) Line source applicators are 

laterals and emitters combined into one unit. Submains 

provide a means of grouping laterals into particular areas. 

The total number of areas depends on the number of settings 

per day, the shape and size of the field, the topography, 

and the restriction of length. 

The field layout of a drip irrigation system is usually 

simple. The decision of the number and spacing of the 

laterals is governed by the type of crop. Usually, each row 

of plants requires a lateral. This allignment is desirable 

because any interference with other agricultural operations 

is kept to a minimum. 

As the description above implies, there is a large 

investment of time and money required in implementing a drip 

irrigation system. Dr. Lyle's design of using a lateral 

move apparatus is also an expensive system. To expect 

farmers to scrap existing, operating systems for new 
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expensive systems is not reasonable. Furthermore, when the 

current farm economy is considered, such expectations border 

on ridiculous. So, along with the farmer having to cope 

with nature, he now must overcome his own economic 

restraints. 

lateral 

Emitters 

Supply Pump 

FIGURE 1.4 

Drip Irrigation Layout 

If replacing the currently used systems is not a viable 

solution to making the agricultural industry more water con

servative, then perhaps the most wasteful existing systems 

can be made to use water more efficiently. As mentioned 
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earlier, the systems which employ overhead sprinklers are 

among the worst violators of water conservation. One way to 

partially correct this is to replace the projectile-type 

heads located on the top of the laterals with cone producing 

sprayers placed on the underside of the laterals. Yet this 

solution is only marginally better than simply replacing all 

systems, because again it would be expensive and, in some 

cases, impossible. Thus the remaining solution is to make 

the existing systems more water efficient by changing the 

system's variables (i.e., the water pressure, the time of 

day chosen for irrigation and head size) . The question of 

which variable to change can be answered when the cause of 

the water loss is understood. Therefore, this report will 

discuss several possible sources responsible for these water 

losses. Moreover, changes to the system's variables to 

reduce the effects of the water consuming conditions will be 

suggested. 



CHAPTER II 

WATER LOSS DUE TO EVAPORATION 

The evolution of irrigation as well as the evolution of 

chemical fertilizers and farm machinery has brought agri

cultural productivity to the highest level in man's history. 

However, one unfortunate product of this evolution is waste, 

of which water is a prime example. Researchers at Texas A. 

& M. University's School of Agriculture have found that 

under certain conditions over fifty percent of the water 

that enters an irrigation system never reaches the desired 

irrigation system. Such losses are common in the High Plains 

of the United States. Certainly the water is accounted for 

before it leaves the sprinkler head, so the water loss must 

occur as the water travels through the air. The first in

clination in explaining this phenomena is to assume that the 

water evaporates. The goal of this chapter is to deter

mine if the evaporation rate of water from droplets in the 

air is high enough to explain the large water consumption 

rate. 

In order to evaluate the evaporation rate from a water 

droplet moving through the air, correlations of interphase 

mass-transfer will be considered. Such correlations are 

largely empirical because the processes are very complex. 

15 
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However, the equations of change provide a sound basis for 

determining whether evaporation is responsible for the water 

loss. 

Before investigating the evaporation rate of water 

from a moving droplet, the simpler system of a depth of 

water flowing across an infinite plane, as in Figure 2.1, 

will be considered. The water, which will be species A, 

water, 
air 
interface 

air 
(species B) 

y = 0 

MMM^mmmm^^ Dcnotes the flow of water across the water-air 
interface. 

FIGURE 2.1 

Mass Transfer of Water Vapor 
across Liquid-Gas Interface, y = 0 
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leaves the liquid phase, enters the gaseous phase and mixes 

with air, which will be referred to as species B. Consider 

the flow of stream A along a mass-transfer surface y = 0, 

the gas-liquid interface, through which species A enters 

stream B at the local rate N^g (moles/(unit area) (unit 

time)) . The mass-transfer surface is the equilibrium 

boundary between the gas and liquid phases. The movement of 

water through the interface surface, according to Fick's Law 

(Treybal, (1952)), can be treated as the sum of a dif-

fusional contribution and a bulk-flow contribution. The 

diffusional contribution is proportional to the concen

tration gradient extending from the surface of the water to 

the surroundings, and hence should be roughly proportional 

to a characteristic concentration difference, Ax^. The bulk 

flow or the molar flux of species A, however, does not have 

any composition dependence. Therefore, using Fick's Law a 

mass-transfer coefficient, k̂^ loc*' ^^^ ^^ defined in terms 

of the molar rate of diffusion of water, J^y at the 

interface by 

= k„ 1^^* AXTV . (2.1) ^Ay'y=0 ~ ^x,loc ^^A 

The above equation can be written in terms of the molar 



18 

flux, N^Q, to give 

N AO - ^AO <NAO + NBQ) = k^,loc* ^^A' (2.2) 

where X^^Q is a characteristic composition. The black dot 

(•) on k^ loc* riotes that the mass-transfer coefficient 

depends on the mass-transfer rate. This effect arises from 

the distortion caused by the flow of water through the 

interface of the velocity and concentration profiles. 

However, the actual change in the evaporation rate due to 

this phenomena will be assumed small, and therefore it will 

be ignored. The subscript loc on k̂^ loc* indicates that the 

local mass-transfer rate holds for a finite area on the 

interfacial surface. 

With the equations presented above, the case of a drop 

moving through the air can be described (see Figure 2.2). 

First note that in dealing with a droplet the interfacial 

surface becomes finite. Thus, an average mass-transfer 

coefficient can be defined using equation (2.2) as follows: 

Wj^ - x^^oC^A + I^B) = l̂ x'A Ax^. (2.3) 



In which W ^ and *\JS-Q are the molar rates of the additi 
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on 

stream A to B and of stream B to A over the entire surface 

area. A, of the droplet. (Note k̂ *̂ is the mass transfer 

coefficient averaged over the surface of the droplet.) For 

water/a 
interface 

air 
(species B) 

Denotes the flow of water across the water-air 
interface. 

FIGURE 2.2 

Mass Transfer of Water Vapor 
across the Liquid-Gas Interface 

from a Water Droplet Moving Through Air 
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small mass transfer coefficients, Treybal made the 

assumption that the mean mass transfer coefficient, k̂^̂ ,̂ can 

be used in place of k̂ *̂ to give the equation 

*^A - ^AO<*^A + *^B) = Km A Ax;̂ , (2.4) 

For this case, the vapor pressure will be substituted for 

the value X^Q. 

The example of a droplet moving through still air can 

be considered in another light: this is a situation of mass-

transfer between a submerged object and surrounding fluid. 

For the case of a water droplet "submerged" in air, mass-

transfer coefficients are reported for the entire surface 

area A. Then, assuming that the water concentration, X^^Q, 

next to the surface is uniform, equation (2.4) can be re

written for low mass-transfer rates as 

*^A = ^xm A(XAO - Âoo) + 

^AO <*̂ A + ^ B ) ' <2.5) 

in which x̂ v̂  is the uniform composition of the fluid 
-Aoo 



21 

approaching the droplet (or in this case the measure of 

water in the air). 

Bird, Stewart and Lightfoot (1960) used equation (2.5) 

and some initial conditions to arrive at an approximation of 

the evaporation rate. Suppose a spherical droplet, of 

diameter, D, 0.5 cm, is moving at a velocity of 21.5 m/sec 

through dry air, X^^Q = 0, at atmospheric pressure, and 

assume the droplet water temperature, TQ, is 70°F and the 

air temperature, T̂ ,̂ is 104°F. (Note that the values x̂ ^̂  = 

0 and Too = 104°F are choosen as worst case conditions for 

water loss to evaporation.) At these conditions, the vapor 

pressure of water, X^^Q, is 0.0247 atm. Moreover, if the 

solubility of air in water is neglected, Vf-Q = 0. It can be 

shown that the evaporation rate is small; thus equation 

(2.5) can be applied to the gas phase around the drop. This 

gives the equation 

*U;̂  = k^^ 7CD2[(X^O - Âoo) / (1 - ^AO^l' (2.6) 

where the mass-transfer coefficient, k̂^̂ ,̂ can be predicted 

from the generalized correlation (Bird, Stewart and 

Lightfoot) 
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:̂ ^ = {CfJS>j^Qrj,) [2.0 + 0.60(Dv^p^ / ̂ ^) ̂ /2 

(̂l̂  / p^ ^©ABT)^''^^ • (2.7) 

Here the subscript T on the diffusivity, «®ABT' ^^^ °^ ^^^ 

physical properties density, p,j,, viscosity, flm, and molar 

concentration, Crp, indicates that these quanities are deter

mined at the mean temperature 

T = (TQ - T^)/2. (2.8) 

The above properties are then reported to be 

p^ = 1.12 E -3 g cm '̂, 

jj.„ = 1.91 E -4 g cm -'•sec -'-, 

Crp = 3.88 E -5 g-mole cm ^ 

However, the diffusivity must be evaluated at T and the mean 

pressure, p = 1 atm, using the empirical relation 
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<®ABT PnPcAPcB)^^^<T^ATcB)^^^^(l/MA + I/MB)^/^^! 

= [a T (T^ATCB)"^^"^^^^ (2.9) 

which was presented by Bird, Stewart and Lightfoot. The 

subscript c used above indicates a critical point property. 

(The diffusivity is the measure of the movement of the water 

from the droplets to the air-water mixture of the atmosphere 

under the influence of a concentration gradient.) For the 

mixture of water and a nonpolar gas (air), the empirical 

constants are given to be a = 3.640 E-4 and b = 2.334. Also 

note M^ and Mg are the molecular weights of species A and B, 

respectively. Using equations (2.9) and (2.7), the values 

for the diffusivity and the mass-transfer coefficient can 

now be evaluated. These values are 

J3^„„ = 0.292 cm2 sec ^, 
'ABT 

and 

k ^ = 1.35 E-3 g-mole sec -'• cm ^, 

respectively. The above values can be inserted into equation 

(2.6) to give the evaporation rate 
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HT^ =2.70 E-7 g-mole sec"^ =1.5 E-8 g/sec"^ 

= 1.5 E-8 cm-^/sec"^ . 

The evaporation rate above appears to be very small, 

but the droplet is also small, 0.5 cm diameter. In order to 

obtain a better understanding of this result, suppose the 

droplet flies through the air for seven seconds. The re

sulting water loss is 1.05 E -7 cm-̂ . If this value is then 

compared with the initial volume of the droplet, 6.53 E-5 

cm^, one can see that less than 0.2 percent of the water 

volume is lost to evaporation during the flight. If the 

above calculation is completed for droplet sizes which are 

typical for an agricultural sprinkler system, then resulting 

data can be used, in conjunction with the water drop 

distribution frequencies prepared by Kohl (1974), to make a 

projection of the water loss due to evaporation. (Table 2.1 

lists the water losses due to evaporation for typical water 

drop sizes.) 

The resulting value of 1.3 E-4 percent water loss (see 

the table above) indicates that evaporation is not a major 

cause of the water consumption. The size difference between 

the predicted water loss due to evaporation of over fifty 

percent and the actual water loss shows that the problem 

does not lie with the simplifictions made in the above 
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calculations. However, in showing that evaporation is not a 

significant cause for the water consumption, it is es

tablished that there must exist another explanation for the 

empirically observed water losses. 

TABLE 2.1 

Water Losses from Water 
Droplets Resulting from Evaporation 

Droplet 
Size 
cm 

0.025 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.100 
0.125 
0.150 
0.175 
0.215 
0.265 
0.315 
0.375 
0.460 

Drop 
Frequency 

0.00 
0.01 
0.01 
0.02 
0.02 
0.02 
0.05 
0.06 
0.05 
0.08 
0.12 
0.15 
0.16 
0.17 
0.06 
0.02 

Drop 
Volume 

cc 

8.18E-3 
1.41 E-2 
3.35 E-2 
6.55 E -2 
1.31 E-1 
1.79 E-1 
2.68 E-1 
5.24 E-1 
1.02 E 0 
1.77 E 0 
2.81 E 0 
5.20 E 0 
9.74 E 0 
1.64 E 1 
2.76 E 1 
5.10E 1 

Mass-transfer 
Coefficient 

2.069 E-3 
1.817E-3 
1.486 E-3 
1.275 E-3 
1.128E-3 
1.018E-3 
9.331 E-4 
8.079 E -4 
7.012 E-4 
6.257 E -4 
5.689 E -4 
5.018 E-4 
4.426 E-4 
3.995 E -4 
3.606 E-4 
3.203 E-4 

Evaporation 
Loss for 

Seven sec. 
Flight 

7.2016E-7 
8.8809 E-7 
1.2908 E-6 
1.7317E-6 
2.2060 E-6 
2.7108 E-6 
3.2439 E-6 
4.3886 E-6 
5.9511 E-6 
7.6468 E-6 
9.4633 E-6 
1.2600 E-5 
1.6883 E-5 
2.1529 E-5 
2.7544 E -5 
3.6813 E-5 

Percent 
Water 
Loss 

8.8 E-3 
6.2 E-3 
3.6 E-3 
2.6 E-3 
1.6E-3 
1.5 E-3 
1.2 E-3 
8.4 E -4 
5.8 E -4 
4.3 E-4 
3.4 E -4 
2.4 E -4 
1.7 E-4 
1.3 E-4 
1.0 E-4 
7.2 E-5 

Total volume water droplets: 1.17 E 2 
Total volume water evaporated: 1.5561 E-4 
Total percent water loss to evaporation: 1.3 E -4 

Drop size frequency data compiled by Kohl (1965). 



CHAPTER III 

BALLISTIC MODEL 

In Chapter II, it was determined that the intuitive so

lution to the excessive water losses found in irrigation 

systems which employ projectile-type sprinkler heads, evap

oration, was insignificant. Thus, another explanation for 

the water consumption will be investigated in this chapter. 

In searching for the alternative solution, it is necessary 

to return to the problem: over fifty percent of the water 

which enters overhead sprinkler systems never reaches the 

intended target area. The key to finding a solution to this 

problem lies in rephrasing the problem. What carries the 

water droplets away so that over fifty percent of the water 

is lost? Again the solution appears to be an intuitive one, 

the air movement. If the water is lost to the air but not 

as a result of evaporation, it must be carried away by the 

air motion. Hence, a lifting effect must be present, or the 

air must be moving. The possiblity of an aerodynamic 

lifting effect can be quickly excluded since the droplets 

maintain symmetry as they move through the air (see Figure 

3.1). The possible causes for the air moving are con

vection, wind, and entrainment (the air movement due to the 

droplets themselves or the "drafting" effects caused by the 

26 
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droplets) . The first possibility is an unlikely can

didate, because the air motion, which might cause a lifting 

effect that would allow the wind to carry droplets abnor

mally far, would also cause the wind to force the droplets 

down sooner than anticipated. Therefore, air motion resul

ting from either wind or entrainment will be examined as 

possible modes of transportation for the droplets. 

FIGURE 3.1 

Water Droplet Suspended in a 
Wind Tunnel's Air Stream; Peterson (1985) 

Even with the seemingly obvious solution that the drop

lets are carried away by air movement, the problem remains 

of how to prove that this is the case. A water stream emer

ging from a sprinkler device eventually breaks into stable 
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discrete droplets. The manner in which a stream or sheet of 

water from a sprinkler device breaks into discrete droplets 

is not well understood. However, it has been shown that the 

pressure at the nozzle and the size of the nozzle influence 

this phenomena. Levine (1952) showed that the droplet size, 

as determined by indicator paper stains, increase linearly 

with nozzle diameter. Kohl indicated in his report that the 

average diameter decreases as a function of increasing pres

sure. Moreover, evidence presented by Kohl, Frost and 

Schwalen (1955) and Seginer (1965) suggests that there is a 

relationship between droplet size and radial distance from 

the sprinkler device. If it is assumed that the water 

stream emerging from pressurized sprinkler devices breaks 

into discrete droplets at some fixed distance from the 

device as von Bernuth and Gilley (1984) suggest, then these 

droplets can be treated as projectiles. 

Stillmunkes and James (1982) reported that the motion 

of the droplet could be described by Seginer's system of 

differential equations. These equations were given to be 

m (dVy/dt) = mg ± mC2Vy 
2 (3.1) 

and 
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m(dV^/dt) = -mC2Vj,2^ 3̂ 2) 

where 

m = mass of the droplet [=] kg, 

Vy = vertical component of the droplet velocity 

relative to the air [=] m/s, 

V^ = horizontal component of the droplet velocity 

relative to the air [=] m/s, 

t = time [=] s, 

C2 = Seginer's coefficient of drag [=] 1/m. 

Note that the plus or minus sign, ±, in equation (3.1) in

dicates an upward or downward motion, respectively. It has 

been noted by Dr. E. Allen that the above equations do not 

completely describe the motion of small water droplets. 

Thus if the motion of small droplets are a major concern 

then the equations of motion presented by von Bernuth and 

Gilley are more appropriate. The resulting equations were 

reported to be 

m(dVy/dt) = mg ± mC2VyV 
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and 

m(dV^/dt) = -mC2V^V 

where 

V' = (V^2 + ^^2)1/2 

= velocity of a water droplet relative 

to the air [=] m/s. 

However, for the present report, the contribution of small 

droplets to the water consumption rates was found to be 

negligible. Therefore, equations (3.1) and (3.2) are used 

to model the motion of water droplets moving through the 

air. 

The value of Seginer's coefficient, Z2t can be eval

uated using an equation presented by Stillmunkes and James: 

C2 = CoPa Ad / 2 M^, (3.3) 

where 
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Pa ^ density of air, 

CY) = drag coefficient, 

A^ = area of droplet exposed to drag forces, 

M^ = mass of the droplet. 

Computation of Cj-) as a function of the droplet size is a 

difficult task. Fortunately, in their report investigating 

droplet size distributions, von Bernuth and Gilley compiled 

experimental data from List (1966), Green (1952) and Laws 

(1941) which relates the drag coefficient with the droplet 

size. 

The introduction of Seginer's system of differential 

equations allowed for a further investigation of agri

cultural irrigation systems. Stillmunkes and James applied 

Seginer's system of differential equations, (3.1) and (3.2), 

to relate soil surface sealing with the kinetic energy of 

water droplets impacting the soil. The differential 

equations were solved using a fourth order Runga-Kutta 

method to give an approximation of the terminal velocity of 

water droplets. Von Bernuth and Gilley tried to reproduce 

Kolh's results of single leg drop-size distributions using 

this system of equations. Again a Runga-Kutta method was 

used to solve the differential equations. The Runga-Kutta 
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technique was also employed by Vories and von Bernuth (1985) 

in their presentation of a model which predicted the effect 

of wind upon the distribution pattern of water from a 

hydraulic sprinkler. 

The reports by Stillmunkes and James, von Bernuth and 

Gilley, and Vories and von Bernuth showed the versatility of 

Seginer's system of equations. Despite the fact that the 

reports above do not discuss the loss of water to air move

ment, equations (3.1) and (3.2) are shown to be applicable 

in studies of agricutural sprinklers. Moreover, since the 

Seginer equations show a relationship between the velocity 

of the droplets relative to the ground and the air, these 

equations form a good basis for studying the effects of air 

motion on water droplets which are formed from irrigation 

systems which use projectile-type sprinkler heads. 



CHAPTER IV 

DEVELOPMENT OF BALLISTIC MODEL 

The investigation of the water losses incurred from 

projectile-type sprinkler heads is virtually complete with 

the choice of Seginer's system of differential equations, 

equations (3.1) and (3.2). These equations, as indicated in 

Chapter III, relate the relative velocity of water droplets 

with time. The importance of the relationship lies with the 

components of the velocity term. If the air is still, the 

relative velocity of the droplet is merely the velocity of 

the droplet with respect to the ground. If, however, the 

air is moving, the x- and y-components of the wind velocity 

vector and the entrained air velocity vector must be added 

to (or subtracted from) the x- and y-components droplet's 

velocity vector to obtain the droplet velocity relative to 

the ground. Thus the effects of the air motion are 

accounted for in the term for relative velocity. 

Equations (3.1) and (3.2) provided expressions which 

could prove to be useful; however, in their present form, 

Seginer's equations cannot be used to give tangible results. 

The conclusions presented by Stillmunkes and James were a 

result of Runga-Kutta approximations to the Seginer system 

of differential equations. Seginer, in his report in which 

33 
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he first hypothesized the value of the velocity exponent 

used a graphical approximation to the equations of motion 

which bear his name. 

The numerical and graphical approximations are not ne

cessary since equations (3.1) and (3.2) can be solved ana

lytically to yield equations which relate the velocities V̂ ^ 

and V as functions of time. Recall that these equations 

were given to be 

m(dV /dt) = mg ± mC2Vy ^ 

and 

m(dVj^/dt) = -mC2Vj^ '^, 

respectively. If the velocities of the wind, V̂ ^̂ ^̂ , and the 

entrained air, V^^^, are considered, the above equations 

become 

m(dVy*/dt) = mg ± mC2(V^ - V^^g^t) ^̂ "̂ ^ 

and 

(dV^Vdt) = -mC2(V^* ± V^ind -Vx,ent)^' ^̂ '̂ ^ mv^vj^ 
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where the asterisk on the velocity terms, V„* and V, *, 

indicates that the the x- and y-components of the droplet 

velocity vector are measured with respect to the ground and 

where V̂ ^ ̂ ^̂ ^ and V ^^^ are the x- and y-components of the 

entrainment velocity vector. With the water droplets drag

ging air with them as they move through the air, it might be 

expected that V̂ ^̂ ^ would equal V^^^^p. However, a fraction 

of the droplet's momentum is lost to turbulence. Therefore, 

the velocity of the air resulting from entrainment is given 

by 

Vent = 1̂  V*, (4.3) 

where the value of k was determined by Duncan, Thom, and 

Young (1962) to be 0.577. Thus, equations (4.1) and (4.2) 

can be simplified to give 

dV */dt = g ± C2(l - k)2 v^*^, (4.4) 

and 

dV^Vdt = -C2(V^Nl - k) ± V^i^d)2. (4.5) 

(Notice in equation (4.4) there is no component of the wind 
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velocity. It will be assumed that the wind moves only in 

the horizontal or x-direction.) 

Before solving the above equations, recall that the 

plus or minus sign, ±, in equation (4.4) refers to the 

upward and downward motion of the droplet. The equations of 

negative and positive (see Figure 4.1) vertical motion are 

V -V 
8 0 

FIGURE 4.1 

Time Versus Height 
Diagram Showing the Velocity Symmetry 
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given to be 

dV */dt = g + C2(l - k)V *2^ ^̂  ĝ  

and 

dVy*/dt = g - C2(l - k)Vy*2^ 4̂ 7) 

respectively. Each of the directional equations of motion 

gives a particular solution for the velocity in the y-

direction as a function of time. Equation (4.6) is consid

ered first, and it can be rearranged to give 

dVy* / [1 + C2(l - k)2 Vy*2 / g ] = gdt, (4.8) 

which can be solved using integral calculus. The resulting 

solution is given by 

tan-l[±(C2 / g)^/2(i _ k)Vy*] 

/ ±(gC2)^/2(i - k) = (t + K) , (4.9) 

where K is the constant of integration. Substituting the 

initial conditions, t = 0 and V^* = -V^Q*, Seginer employed 
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and subsequent rearranging yields 

V, = gl/2tan{- tan 1[ (02^/^(1 _ k)VyQ* / gl/2] 

+ (gC2)^/2(i _ k)t} / 02^/2(1 _ k), (4.10) 

The importance of equation (4.10) rests with the ability 

to predict the approximate time of a droplet's flight. At 

the point where the droplet's movement changes from rising 

to falling, the conditions V = 0 and t = '^\/2 hold. If 

these "halftime" conditions are substituted into equation 

(4.10), the equation 

ti/2 = tan-l[C2^/2(1 _ k)Vyo* / g^^^l 

/ (gC2)^/2(i _ k)^ (4.11) 

is obtained. The value t3_/2 ^^ not, however, half the time 

the droplets spend in the air, but it is half the time 

required for the droplet to travel half the distance until 

it returns to the height at which the droplet was formed. 

Recall that in Chapter III von Bernuth's approximation that 

droplets from the sprinkler's water jet formed after one 

meter of flight was adopted. Thus, the height of the 

droplet formation, h^, is the sum of the sprinkler head 
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height, hQ, and the y-component of the one meter formation 

distance, h^. Therefore, doubling t;L/2 ^iH give the total 

time, t^f, required for the droplet to rise and fall to h^, 

not the time used in falling to the ground. To determine the 

actual time water droplets emitted from a sprinkler are in 

the air, the time required for the droplet to fall to the 

soil from the formation height, tf^^.!' î ŝt be calculated. 

The value t̂ ĵ̂ l will be approximated by dividing hj|̂  by the 

y-component of the droplet's velocity vector evaluated at 

tj-f. Thus, the total time of a droplet' s flight, t^^^, is 

the sum of t^Q^ and tf̂ ^̂ ^̂ . 

Applying the same techniques used in Solving equation 

(4.7) and using Seginer's initial conditions for downward 

motion, t = t-^/2 and V = 0, an equation describing the 

motion of a falling water droplet is obtained and given by 

V^* = gl/2|exp[(t - ti/2)p] - 1] 

/ 02^/2(1 _ k){exp [(t - ti/2)P] + 1}, (4.12) 

where 

p = 2(gC2)^/2(l - k) . 
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Although equation (4.6) gives a convenient equation for 

the halftime, equation (4.7) provides a more desirable equa

tion for the calculation of values for V *. The advantage 

of this equation is that its solution does not include the 

tangent function. Hence, values for V * evaluated for times 

t in the interval t.Y/2 ^ t < t^^^ using equation (4.8) are 

always positive. Thus if the y-component velocities are 

assumed symmetric about t]̂ /2 (see Figure 4.1), the values of 

V for the downward motion of a water droplet can be used 

to find velocities for the upward movement. (This assump-

ption was found to be inappropriate for very small droplets; 

however, the calculations for moderate (1.5 mm) to large 

(4.0 mm) were only marginally affected by this simpli

fication.) Therefore, V can be calculated for all time t 

such that 0 < t < t^^^. 

The total time, discussed above, is an important quan

tity, because it has been hypothesized that the wind and the 

entrained air carry water droplets some distance beyond the 

measuring area. In order to calculate the final distance a 

droplet is carried, the total time and the x-component of 

the velocity vector, V̂ *̂, are needed. The total time is 

obtained using equation (3.5), and V^* can be obtained from 
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equation (3.6) by employing a similar method to that used in 

determining an expression for V^*. Equation (4.5) intro

duces the effect of wind on the droplet and can be rear

ranged to give 

^^x* / tV^*(l - k) - V^i^^]2 = -C2dt. (4.13) 

The velocity of wind will be assumed constant over small 

time intervals so that the above equation can be solved 

using integral calculus to give an equation for V„*. The 

resulting equation is 

-1 / [V^ (1 - k) - V^ind^ = -^2^ + K, (4.14) 

where K is the constant of integration. An expression for K 

can be obtained by substituting Seginer's initial con

ditions, t = 0 and V^ = V^Q , into equation (4.14) . The 

resulting equation which relates V^ and t is 

Vx* = (VxO* -± (V„ind)C2t[VxO d " k) ± V„indl> 

/ (Cjtd - k) [V^Q*a - k) ± V„ind] + 1). (4.15) 
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Equations (4.11), (4.12) and (4.15) provide a set of 

equations which can be used directly to determine the 

distance a droplet will travel. These equations of motion 

do not, however, give a complete basis for the investigation 

the excessive water losses experienced when using projec

tile-type sprinkler heads. The value of V^j_^,^ must be 

addressed before any conclusions to the source of the water 

consumption can be made. 

The velocity of the air moving past a given point is a 

function of the height the above ground. In 1953, Sutton 

developed the expression 

V„ind = Vghere [ln(Z - d / Zo)]/K, (4.16) 

where 

V •-̂ ^ = average air velocity (m/s) at height Z 

[=] cm, 

^shear = shear velocity [=] m/s, 

K = von Karman constant, 

2^ = roughness parameter [=] cm, 

d = roughness height [=] cm. 
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The value of Vĝ ^̂ ^̂ . was independent of the height; thus, the 

wind speed recorded at one height could be related to 

another height by the relation 

V, wind = '̂ m {ln(Z-d / ZQ) [ln(m-d / ZQ)]"^}, (4.17) 

where 

Vĵ  = air velocity [ = ] m/s measured at height m 

[=] cm. 

The roughness height, which accounted for the shift of 

the logarithmic curve over the crop canopy, was given to be 

a function of the crop height, h [=] cm, by the equation 

log d = 0.9793 log h - 0.1536. (4.18) 

The roughness parameter compensated for the lack of uni

formity of the crop canopy. Tanner and Pelton (1960) re

lated this value to the crop height with the equation 

log ZQ = 0.997 log h - 0.883. (4.19) 
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Recall that at the beginning of this chapter it was 

stated that the investigation of the water loss from over

head sprinklers was complete with the choice of Seginer's 

system of equations. Despite the simplifications of equa

tions (3.5) and (3.6), the above claim is still true. No 

changes were made in the theory of Seginer's equations. 

However, the results of this chapter, equations (4.11), 

(4.12), (4.15) and (4.17), will provide a much more con

venient set of equation than Seginer's system of dif

ferential equations. 



CHAPTER V 

APPLICATION OF SEGINER'S EQUATIONS 

AND DISCUSSION OF RESULTS 

The purpose of Chapters III and IV was to develop a 

system of equations which would describe the effects of wind 

and entrained air on water droplets that were formed by 

agricultural irrigation systems. Equations (4.11), (4.12), 

(4.15) and (4.17) provided the means of describing this air 

movement. Furthermore, these equations allowed for the 

investigation of whether air movement resulting from wind 

and entrainment cause excessive water losses in irrigation 

systems that use projectile-type sprikler heads. The goal 

of this chapter is to show how the above set of equations 

can be used to produce information to predict the quantity 

of water consumed. 

The water consumption rates are expressed as the per

cent of the water that enters an irrigation system that does 

not land on an anticipated wetted length or the quantity of 

water that is lost. (The term "wetted length" is used, 

because "wetted area" is not appropriate for the discussion 

of the two dimensional system used in this chapter.) To de

fine whether a particular droplet size is lost, the maximum 

length D =, , a sprinkler reached with water droplets is 

45 
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found under zero wind conditions. If a droplet is found to 

travel beyond D̂ ^̂ ^̂ , then all the droplets this size are as

sumed lost. In addition, if a droplet is predicted to be 

carried a negative distance (a negative direction implies 

the opposite direction of the sprinkler flow under still 

conditions), then it is also considered lost. 

The predicted distance a water droplet travels, the 

distance data, is critical in determining the percentage of 

water lost. The calculation of this distance data is com

pleted for five combinations of an irrigation system's 

operating variables, the water pressure and the sprinkler 

head size. These cases correspond to those presented in 

Kohl's report of drop size ditributions, and are 

Case I: Head size: 3.18 mm.,pressure: 400 KPa. 

Case II: Head size: 3.57 mm.,pressure: 400 KPa. 

Case III: Head size: 3.97 mm.,pressure: 300 KPa. 

Case IV: Head size: 3.97 mm.,pressure: 400 KPa. 

Case V: Head size: 3.97 mm.,pressure: 500 KPa. 

For each of the above cases, distance data is predicted 

under zero wind conditions to find D̂ ^̂ ^̂ . Then each case is 

considered under the influence of headwinds and tailwinds 

measuring 3, 5, 10, 15 and 25 meters per second. In ad

dition, the effect of air motion resulting from entrainment 
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is considered at each of the above wind speeds and direc

tions . 

The computation of the distance data follows a simple 

outline. First, the total time a particular sized water 

droplet spends in the air, t^of is calculated. Then t^ot 

is divided into n equal sized intervals. The time inter

vals represented time steps, t^, t2, t3,...,tj^, which are 

evaluated according to the equation 

n 

j = Z J(ttot / ̂ ) • 
j=0 

(5.1) 

At each time tj, the x-component of the droplet's velocity 

vector, Vĵ ^ j , is computed. The distance the droplet tra

vels is then calculated using the equation 

n 

D = S tj V^^j*. (5.2) 
j=0 

This outline is followed for each of the subcases described 

above, as well as for the cases where no wind is assumed. 

Moreover, since Kohl's distribution data included a variety 

of droplet sizes, each droplet size is subjected to the 

above calculation scheme. The droplet size dependence is 
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considered with the inclusion of Seginer's coefficient in 

equations (4.11), (4.12) and (4.15). As discussed in 

Chapter III, von Bernuth and Gilley compiled data that 

related the drag coefficient as a function of the droplet 

size. To make this data more accessable for modeling 

techniques, it is adapted to a numerical spline fit routine. 

Thus the value of C2 can be determined for any sized droplet 

within the range of 0.4 to 6.0 millimeters. 

Although the above outline provides the basic scheme 

for the computation of the distance data, the particular 

methods of calcution are slightly altered to suit the 

conditions where no wind is assumed, where wind is assumed 

and where wind and entrainment are assumed. For example, in 

calculating D̂ ^̂ ^̂  the wind and entrainment effects are 

ignored. Thus to determine ^^1/2 ^^^ this case, the 

condition k = 0 (ie., V^^t = ^̂  ^^ substituted into equation 

(4.12), and the equation is solved. Having obtained the 

value for the halftime, the remaining value necessary to 

determine the total time the droplet spends in the air is 

the value of tf^^. Recall that to determine the time for 

the droplet to fall from the height of its formation 

requires the calculation of V^* at the time t^ot • 

Therefore, the above assumption of a zero entrained air 
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velocity is substituted into equation (4.11), and the 

desired velocity is calculated. The time tf̂ L̂l is deter

mined by dividing hj_ by V^* at t^^^* as described in Chapter 

IV. Addition of t^^^ and tf̂ 3_3̂  gives t^^^, which is then 

divided into n equal subintervals. (The value n = 60 is 

used for this calculation.) Equation (5.1) is used to 

obtain the time steps at which the x-component of the 

droplet's velocity vector will be determined. Using the 

assumption that wind and entrainment effects can be ignored, 

• "k 

equation (4.15) is simplified to give an expression for V̂ ^ . 

The values of V̂ ^ are evaluated for each time tj, j = 

0,l,2,...,n, using the simplified version of equation 

(4.15) . Equation (5.2) is used to determine D̂ ^̂ ^̂ . 

The computations for the wind only conditions are com

pleted exactly as those for the no wind conditions except, 

of course, for the substitution of V^^^^ = 0 into equation 

(4.15). Since the value for wind velocity is not to be ig

nored, equation (4.17) is necessary to provide an ex

pression from which a wind speed can be calculated at any 

height, given an initial velocity and height. Notice the 

height dependence mentioned above. If V̂ ^ is to be cal

culated at every time tj, then it is necessary to determine 
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'̂-Tind ^^ every time tj as well. Furthermore, the height of w; 

the water droplet is necessary at each time tj. The height 

at tj, Hj, is determined using the equation 

n 
Hj = Z(tj Vy^j*) + hi (5.3) 

j=0 

The height of the water droplet is found for each time tj up 

to the halftime, since the height of the droplet, as well as 

Vy , is symmetric about t̂ /̂2 (recall Figure (4.1)). Thus 

the values tj and V^j_^^ j are used to determine V^ j* so 

that equation (5.2) can be used to evaluate the distance a 

particular droplet size travels in windy conditions. 

The consideration of the force resulting from wind re

quires some additions to the calculation scheme where no 

wind effects are assumed. The addition of the force of 

entrainment involve only the removal of the restriction of k 

= 0 from the wind only case. Again the distances a par

ticular droplet size travels are calculated. 

Having compiled the distance data for each of the 

numerous cases described earlier in the chapter, it is 

trivial to determine which droplet sizes were carried beyond 

the predicted wetted lengths. However, to determine the 
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percentage of water consumed is more difficult. First, the 

percent water emitted by a sprinkler accounted for by each 

droplet size can be determined using Kohl's droplet size 

frequencies and the volume of each droplet. Then, the 

volume percentages and the distance data of each droplet 

size are used to determine the amounts of water consumed for 

each of the sets of conditions presented earlier. The 

resulting consumption rates are presented for each case in 

Figures (5.1) through (5.10). 

Recall that in Chapter I the developers of new ir

rigation systems followed the trend of trying to produce a 

system that would keep the time a droplet spent in the air 

to a minimum. The results presented in Figures (5.1) 

through (5.10) support the concept of minimum contact time. 

A cumulative percentage of the water consumed is determined 

for each of the cases I through V, and the best percentage 

is given by case I. An explanation for this result can be 

deduced by considering the system variables. For case I, 

the head size is 3.18 mm, the smallest value used in any of 

the cases considered. The small head size produces the 

smallest water droplets, and small water droplets do not 

travel as far as large droplets. Thus, the droplets pro

duced by case I did not spend as much time in the air as 

those produced by the other cases, and the amount of water 

consumed is smaller. The assumption that the contact time 
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Water Loss Results 
for Case IV, 3.97 mm Head and 

400 KPa Pressure, without Entrainment Effects 
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is critical was further supported by the fact that the 

second best results are produced by case II, which has the 

second smallest head size. Therefore, the conclusion that 

the reduction of the time water droplets are under the 

influence of air motion reduces the amounts of water 

consumed appears to be correct. 

The preceding discussion was confined to a two dimen

sional model to give a simple example of the use of the 

equations of motion, equations (4.11), (4.12), (4.15) and 

(4.17) . With the basis for discussion set in this chapter, 

a three dimensional model will be presented in Chapter VI. 

The three dimensional model will be considered because the 

idea of water losses is more exactly defined for a par

ticular sized field. 



CHAPTER VI 

THREE DIMENSIONAL TREATMENT 

OF SEGINER'S EQUATIONS OF MOTION 

The crux of this report has been the investigation of 

high percent water losses in irrigation systems which employ 

projectile-type sprinkler heads. In Chapter III, it was hy

pothesized that air movement resulting from either wind or 

entrainment provided the impetus to carry droplets beyond a 

designated measuring area. Results of the percent of water 

lost obtained by solving Seginer's two dimensional system of 

equations were presented in Chapter V. The values for the 

water consumed were high and suggested that air motion con

tributed significantly to the high water consumption rates. 

The model of a two dimensional irrigation system did 

not fully simulate the operation of an agricultural irri

gation system. Recall the criteria for determining whether a 

droplet size was lost from the two dimensional case. If a 

droplet traveled beyond a predicted wetted length, then it 

was assumed lost. Also if a droplet was predicted to have 

traveled in a negative direction, then it too was assumed 

lost. These criteria for water consumption were only par

tially realistic. Certainly, the first of the above water 

loss limitations was reasonable. However, the second 
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limiting case was not as good an approximation. Consider 

the case of irrigating a field, where a unidirectional 

sprinkler is placed in the middle of the field and a 

fraction of the water droplets are blown in the opposite 

direction of the water flow. Then, there would be an 

excellent chance that the blown droplets would land on the 

ground behind the sprinkler. The water droplets do not land 

on the intended watering area, but they are not wasted. In 

order to compensate for the above oversimplification and 

provide a more realistic set of water consumption rates, a 

three dimensional version of Seginer's system of equations 

will be studied in this chapter. 

To consider a three dimensional system, a third equa

tion of motion can be added to the system of equations used 

in Chapter V to give the following sytem of differential 

equations: 

dV^Vdt = - C2(V/ ± V^^^i^d - Vx,ent)^ <^'^^ 

dVyVdt = - C2(Vy ± Vy^^i^d - Vy^ent'>r (6.2) 

dv//dt = g ± C2(V/ - V^^ent)^- <^-^^ 

;olving the above equations using the same method as 
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presented in Chapter IV gives the following equations for 

the X-, y- and z-components of the velocity vector of a 

water droplet: 

where 

Vx = {V^o* - (± V^ind)C2t[V^o*(l " k) ± V^^^^] } 

/ {C2t(l - k)[V^o*<l - k) ± V^i^^] + 1}, (6.4) 

* ,,, * 
Vy = {Vyo - (± V^i^d)C2t[V^o (1 - k) ± V^in^]} 

/ {C2t(l - k)[VyO*<l - k) ± V^i^^] + 1}, (6.5) 

1/2 V2 = g • L / ^ { e x p [ ( t - t i / 2 ) P ] - 1} 

/ C 2 ^ / 2 ( l - k ) { e x p [ ( t - t i / 2 ) p ] + 1 ] , ( 6 . 6 ) 

P = 2 ( g C 2 ) ^ / 2 ( l - k) . 

Moreover, with the change in the equation describing the 

upward velocity of the droplet (see equation (6.6)), the 

equation for the computation of the halftime becomes 
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ti/2 = tan-l[C2^/2(i _ kjv^Q* / gl/2j 

/ (gC2)^/2(l - k). (6.7) 

Note that the equations which describe wind velocity and 

entrained air velocity are not affected by changing 

coordinate systems. Thus the system of equations which is 

used to describe the motion of a water droplet in three di

mensions consists of equations (6.4), (6.5), (6.6), (6.7) 

and (4.17) . 

The three dimensional system of equations presented 

above can be used to determine anticipated water losses from 

operating the center-pivot and the lateral move irrigation 

systems for twenty-four hour periods. The center pivot sys

tem is modeled to irrigate a circular area with a 65 meter 

radius. The irrigation lateral is assumed to be 50 meters 

in length. In addition, the lateral is assumed to be 

equipped with five equally spaced projectile-type sprin 

klers, which are assumed to rotate once every thirty 

seconds. During each each half-minute interval, the sprin

kler head is modeled to emit a water stream at fifteen equal 

time intervals to give an effect of a continuous water 

stream. To further match the performance of an actual 

irrigation system, every sprinkler head is modeled to rotate 

90 degrees ahead of either of the adjoining sprinkler heads. 

These modeling assumptions can also be used to describe the 
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movement of the sprinkler heads of the lateral move irri

gation system. In this case, ten sprinkler heads, which are 

mounted on a one hundred meter lateral, are assumed to 

provide water to a 130 by 130 meter field. 

Essentially the same techniques as used to determine 

the distances the droplets traveled in the two dimensional 

wind and entrainment case, which were presented in Chapter 

V, can be used to find the water loss percentages for the 

center pivot and lateral move systems described above. 

However, the simulation of these irrigation machines re

quires numerous repetitions of the two dimensional calcu

lation scheme. Two factors necessitated the additional com

putations. The most obvious of the contributions to the ad

ditional work is the assumption that the sprinkler head 

emits a stream of water once for every two seconds of the 

twenty four hour simulation. Thus, the calculations for the 

wind and entrainment case would have to be repeated for each 

two second interval. The extent of the effect of the first 

factor depends heavily on the second: the direction of 

motion of the irrigation system to be moved. In other 

words, it was found that the lateral move system is a more 

convenient and more efficient system to model than the 

center pivot system. 

The advantage of the lateral move system is that the 

application lateral moves so that it is perpendicular to the 
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boundary of the field at all times during the modeling 

period. Therefore, the angle the lateral forms with the 

wind's velocity vector, the wind-lateral angle, is con

stant, and thus the x- and y-components of the wind's 

velocity vector are constant. (Note that the wind is 

assumed to be at a constant velocity and direction 

throughout the simulation.) Moreover, the fifteen angles 

formed by the water stream and the lateral, the water-

lateral angle, can be assumed constant as the sprinkler head 

rotates. Thus, a set of distances each droplet size travels 

is compiled at each of the water-lateral angles. This data 

can then be used in conjunction with the position relative 

to the field of each of the ten sprinkler heads for all time 

t in a twenty-four hour interval to determine the point of 

the droplet's impact and to determine the amount of water 

lost to air movement. 

The modeling techniques for the lateral move system are 

not, however, used to model the center-pivot system because 

this system moves around a field. The rotational movement 

of the center-pivot system necessitates a larger compu

tational load than the lateral move system. The addi

tional calculations are a result of the circular movement of 

the center-pivot system, because at each two second interval 

of the twenty four hour simulation period new values for the 

wind-lateral and the water-lateral angles are necessary to 
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evaluate the distances the droplet sizes traveled. There

fore, to completely simulate the operation of the center 

pivot system for a day, the calculations for the wind and 

entrainment case would have to be completed for each two 

second interval of the simulation. Unlike the lateral move 

system, the model of the center-pivot system is not allowed 

to simulate a twenty-four hour irrigation period because of 

the numerous calculations and a lack of sufficient compu

tational power. Hence water loss percentages can be eval

uated for eight equally spaced one hour time intervals 

during the twenty-four period. The resulting percentages 

are averaged to give an hourly water loss rate which is in 

turn multiplied by twenty-four hours to give an approx

imation to the percent of water lost during a day's use. 

The computational techniques for the lateral move and 

center-pivot irrigation systems described above can be ap

plied to the cases which were found to give the best results 

for the two dimensional case presented in Chapter V, cases 

I, II, and IV. However, Kohl's droplet size distribution 

data corresponding to these cases will not be used since it 

was compiled for single leg data only. In place of Kohl's 

distributions, a uniform droplet size distribution can be 

assumed. Volume frequencies are then determined for each 

droplet size. This information is used to predict the per

cent water loss from the center pivot and lateral move 
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irrigation systems under the influence of 3, 5 and 15 m/s 

winds for each of the three cases mentioned above. (Note 

that the direction of the wind for each case was assumed to 

be from the northeast or at an angle of 135 degrees from due 

north. Only one wind direction was used because a hypo

thesis of the air movement as a cause of water losses is 

being investigated in this report, not the uniformity of the 

application of water to a field.) The resulting percent 

water losses are presented in tables (6.1) and (6.2). 

The results presented in the tables below support the 

theory of reducing the contact time of the water droplet 

with the air to reduce the amount of water consumed. 

Consider that as head size increases from 3.18 mm, as in 

case I, to 3.97 mm, as in case IV, the percent of water 

predicted lost also increases. Recall from Chapter V that 

this trend was assumed to be the result of the smaller head 

sizes producing smaller droplets. The smaller droplets do 

not travel as far or spend as much time in the air as do 

larger droplets formed from the larger sprinkler heads. 

The data given in tables (6.1) and (6.2) also provides 

some insight as to the type of irrigation system which 

consumes the least amount of water. Consider the individual 

water loss rates for the center-pivot and lateral move 

systems for each of the cases presented above. Although the 

percent of water lost is higher for lateral move system at 
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low wind speeds than that of the center pivot system, the 

amount of water lost from the lateral move system is 

generally lower overall. Moreover, the lateral move system 

performes more efficiently at the higher wind velocities. 

Thus the lateral move system appears to be the more water 

conservative of the two systems considered. 

TABLE 6.1 

Percent 
Water Loss in the 

Center-Pivot Irrigation System 

Case Wind Speed Percent Water 
(m/s) Lost 

Case I 

Case II 

Case IV 

3 . 0 

5 .0 

1 5 . 0 

3 . 0 

5 .0 

1 5 . 0 

3 . 0 

5 .0 

1 5 . 0 

1 2 . 0 8 
3 3 . 1 2 

4 5 . 7 8 

1 4 . 0 3 

1 9 . 1 8 

5 9 . 3 8 

3 5 . 2 7 

5 8 . 0 7 

7 0 . 2 5 
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TABLE 6.2 

Percent Water 
Loss in the Lateral 

Move Irrigation System 

Case Wind Speed Percent Water 
(m/s) Lost 

Case I 3.0 28.63 

5.0 32.31 

15.0 38.48 

Case II 3.0 27.15 

5.0 29.06 

15.0 31.57 

Case IV 3.0 26.60 

5.0 27.23 

15.0 41.85 



CHAPTER VII 

CONCLUSION 

Where did all the water go? This question was the 

focal point of this report. In Chapter I, it was first 

mentioned that irrigation systems which used projectile-type 

sprinkler heads wasted as much as fifty percent of the water 

which entered the system. Therefore, the goal of this 

report has been to find a solution to the question as to 

what caused the excessive water losses. 

The effect of evaporation was the intuitive ex

planation of the high water consumption rates. However, an 

empirical model for the evaporation of water from a droplet 

moving through air showed that the evaporation rate was 

relatively insignificant in comparison to the observed water 

loss rates. As evidence, recall the results for the 

evaporation loss for a single leg irrigation sprinkler. It 

was found that only 1.3 E -4 percent of the water entering a 

typical irrigation system was lost to evaporation. Thus, 

the effects of evaporation were assumed negligible and 

another cause for the water losses was sought. 

It was theorized in Chapter III that since the water 

was lost once it entered the air, then the air must cause 

the high consumption rates. Specifically, the wind and the 
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entrained air must carry the water droplets beyond their 

intended irrigation area (See Figure 7.1). in order to 

study the effects of the wind and entrainment, Seginer's 

equations for motion were used to find the percent water 

lost for two and three dimensional irrigation systems. The 

resulting data for the two dimensional case was presented in 

Chapter V, and it indicated that air movement contributed 

significantly to the loss of water. Three dimensional, 

twenty-four hour simulations of the center-pivot and lateral 

move irrigation systems were presented in Chapter VI to 

further study the effects of air motion. Again it was found 

that the wind and the entrained air resulted in large per

centage losses of water. Therefore, air motion appeared to 

be a major cause of the high water consumption rates. 

The discovery that the movement of air resulted in 

large water losses led to a partial solution to these high 

consumption rates. By using irrigation systems which pro

duce higher frequencies of small diameter water droplets, 

less water was lost. This result was apparently due to the 

fact that the smaller droplets do not travel as high or as 

long as the larger droplets and were not affected as greatly 

by the air movement. Note however that these results were 

based on the assumption that the very small water droplets 

did not contribute significantly to the total volume of 

water emitted by the sprinkler system. 



75 

FIGURE 7.1 

Photograph of Wind Effects on Water 
Droplets Produced by a Sprinkler System 
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The results presented in Chapters V and VI indicated 

that irrigation systems which used smaller sprinkler heads 

and lower water pressure produce smaller diameter droplets. 

Furthermore, these results showed that systems operating 

under windy conditions, even only slightly windly con

ditions, suffered significant water losses. Thus efforts 

should be made to limit the use of irrigation systems which 

employ projectile-type sprinklers during windy periods. 
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