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ABSTRACT . . .

A mathematical model of‘two Center Pivdt‘sprinkler irrigation sys-
tems (Clrcle Master and Valley 1160); operatlng under local cllmatlc con- -
.dltlons was develop@? to examine the effect ,of wind on the unlformlty of
water dlstrlbutlon and to evaluate the systems performance under actu-
al windy condltlons. | |
blhe model consists of two parts., In the flrst part, the sets of
equations of motion were solved for known initial conditions\byineans
of a Continuous Simulation Modelling_Program‘lC§MP). :The.simulation | ‘.,-
model described the’trajectories of the particles in flight which per-
- mitted, defining the geometry of the basic wetted‘patterns when the
vwater‘particles'struck—the ground surface. _Thé’seCond part of the mod-
el'simulated the relative performance of two operating C.P. systems in
relation to the rows of measuring receptacles used ij}fleld measure-
ments. vThis.inVOlved‘determlning the actual wetted patterns from the
"\ basic wetted patterns, simulation'o%mdlstrlhutlon"patterns:lnslde‘théiywj
‘actual wettéd patterns and'simulation of climatic;faCtors and systems
'characteristrcs The Fortran IV computer language was used®to program
the necessary formulatlon simulating the two operatlng C.P. systems

\ .
- Performance of the SLmulated model was evaluated by a direct com-

\
parlson of fleld and theoretlcal SLmulated application depths and by
Vcomparlson'of the theoret;cal simulated coeff1c1ents of unlformlty with
. those neasured On the whole, theoretical depths dev1ated approx;mate—

*Ttly 14 perccnt from the fleld measureftents. The spread of average

-~

;devlatlons varled from 11 to 18’ percent and-from iAg3_to 30.8 percent

for the "Clrcle Master“ and the "Valley ll6 ";‘respectlvely Where the

S

the effect of wlnd was not lncluded ln thé nodel the mean absolute Qe- P

N

LA —iv o o




~
.

‘ viations wére lncreased to 17.5 percent for the forner C.P. system

" as ccnpared to 19.4 percent for the latter system Close agreements\/

were obtalned between the ﬂeasured welghted coeff1c1ents and those sim-

ulated in the nodel (a nexlmum dev1at10n of approxrmately 6 percent)
'Effect of wind on unlformlty,ot-water distribution was shown

by the“curyes~of‘the theoretical:simulatedLapplication depths. %he'

~ uniformity coefficients were affected by both the wind veldcity and

| wind dlrectlon however, the effect of wind dlrectlon on the uniformity

‘was more pronounced. For a wind veloc1ty of 20 mph and O degrees

'direction, where the line of measurement was'directly opposite to the‘

wind, the coefficients of uniformity were 87.3 percent and 91.4 percent

for the}"Clrcle-Master" and the."Valley'llSO"~C,P. systems, respectively. .

For the same wind JelOCity of 20 mph and 80 dé%ree direction, uniformity

improved & the ‘coefficients of uni formity were 96.02 percent and 96.54

_percent for the former and latter C.P. system, respectively.

Derﬁormance~o£4the~€—P——sye#xmt}wﬁﬂiﬂiaeefmined—fromvfreld—measnreét“*—“*“
appllcatlon depths as well as those SLmulated by the nodel An 'general ~
the Fleld coeff1c1ents were lower than slmulated co=fflc*ents, but both

b.the field and the srmulated coeff1c1ents were w1th1n the acceptable level

-

of 80 90 percent The spread»of the weighted field coefficients\yeried

from 87 6 perCent to 93.6 percent for the "Circle Master" and from 88.4

-

percent to 92.6 percent for the "Valley 1160" C.P. ,system The welghted o
srmulated coeffrcrents varled from 91.8 percent to 96 l percent for the
former C.P. system and from 93.4 percent 95. l percent for the latter

C.P. system. The welghted coeff1c1ents, -field and srmulated lhdlcated

higher unlformltlef than the respectlve non—welghted coeff1c1ents >‘"'f:°*

-
,I
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CHAPTERI‘ )

INTRODUCI‘ION B

»

Centre pivot (C P ) irrigation is. presentlyLan lncreaSLngly popular
thod of lrrlgatlng large agrlcultural areas.. The main advantages of
C.P. systems are a high degree of automatlon, adaptablllty to varLOus
5011 types and topography, and a hlgher application uniformity capa-
‘zbility A relatlvely high 1initial lnvestnent is therefore ]ustlfled

_ éue to the low labour requ-.rements, the potentlal of increasing yields

and high water application efficioncies. 4 o e

By definition, a C.P. system consists of a lateral llne of sprink-
lers continuously rotating about a.pivot. . Water under pressure is
supplied to the lateral at ‘the prOt. The lateral is supported by a
nu r of selﬁ—propelled towers each having a dr1v1ng nechanlsm utlll~'

- zing wheels or tracks. The adjustable speed of travel of. C.P. systems

allows the appllcatlon of l/2 to 4 lnches of water per- revolutlon. Stan-

dard C.P. systems areaapprOXLmately 1/4 mile l ng, 1rr1gat1ng 135 acres
of ‘a 160-acre flél@v

 The lmportant features of a well-designed centre prOt system, as'~

,recognlzed by the Amerlcan Soc1ety of Agrlcultural ‘Engineers (l) are:
capaCLty to supply an- adequate amount of water to the soil at the peak
;m’water use perloﬂs to repldce m01sture in the SOLQ proflle frequently q
| enough to maintain condltlons for optlmum plant growth and tokreflll

i the'501l moisture reservoir unlformly
The first tw~ features are dlrectly related to the 501l type, the f

crop grown and’ the area to be 1rr1gated “The usual approach to achleve

-

relatlvely unlform water dlstrlbutlon is. to lncrease the dlscharge from

. the flrst to the last. sprlnkler,uthat is, by lncreaslng the appllcat;Q_\



\

| rates in proportlon to an lncreaSLng area irrigated by 1nd1v1dual )
sprlnklers Previous research (4, 26) has lndlcated that the theoret-
lcal unlformlty varles fram the actual flehd unlformlty.‘ Large uniform-
“lty dev1atlons are the result of lnadequate Sprlnklerisystems deSLgn
and external factors, malnly w1nd The‘effect of w1nd on the distri-
bution from statlonary sprlnklers systens has been documented (14)
However the dlstrlbutlon from C P systems as affected by w1nd ‘has

A

. not been examlned to any great extent. o C . ) b
This study is an attempt to analyze experlnentally and theoretlcally
the 1nterrelatlonsh1ps between wind, sprinkler patterns and unlformlty of
water dlstrlbutlon and to proylde a nodel for predicting the appllcatlon
depths from centre prOt systems under w1ndy condltlons
' Obgectlves 0 o
The objectives of.this study were: 'g
1. “To evaluate the,performance‘characteristics of two centre -
pivot sprinkler irridation.syStems operating‘under normal
| Cllmath condltlons Field measurements of appllcatlon
depths and a~contlnuous record of Heterologlcal data
nonltored were used to examine the effects of wlnd oh the

r“vunlformlt of water distribution.

To obta: ‘the desired wetted patterns of the sprinklers used,

.

by 51nmlatlng the flight path of water droplets emltted

5. To* lncorporate the predlcted wetted patterns lnto a mathe—

natlcal nodel developed to 51mulate the performance of the °
C.P. system opera_lng under w1ndy condltlons

4. To valldate th del by conparlng the predicted and measured

kS

appllcatlon ra -. The effects of continuonsly.varied Wind

) '
o . , |



Lo ' o

conditions op the unlformlty of water distribution were
exarm_ned us.Lng the model



\ e
A

(CHAPTER II : °
LITERM{TR\E: REVIEW

The uniformity of water dispribution by sprinklers has*been of ih;
terest to dgricultural engineers for the-past half century. Research \
has shown that although sprinklers distributed water uoiformly in a .
circular area,ithe uniforﬁity between the sprinklers was not satisﬁgp— |
“ory. The use of overlapplng sprlnkler patterns was an lnportant break-~
flrough in selving the problem of jeeo) g unlforTuty encountered with c1r4
‘cular sprinkler water distribution. For statlonary sprlnkler systems,
Christiansen.(6) denonstrated that nearly uni form dIstribution is p0551ble
with proper sprinkler patterns and proper spacrngs of sprinklers. The

'development of highly automated sprinkler systems, such” as centre prOtS,

~urther increased the potential appllcatlon of sprlnklers in 1rr1gatlon.

2.1 Measures of Uniformity ‘ e

everal’expressions have be developed for the purpose of compar- .

\
lng the sprlnkler distribution patterns. Chrlstlansen ( 6 ) introduced' .

-

the coefficient«af uniformity (Cu) expressed as a perceitage. The uni-

formity coefficient (Cu) given below is dependent on the mean deviation

A

of water distribution.

: . Zx _X)
Cu = 100 (~1.o - )

Nx

- where

x4 = individual readinés
- R - the mean value of xj
N - number of observati_is
Wilcox and Swailes (26') derived a similar coefficient of uni form-

ity but squared the mean dev1atlons The dlstrlbutlon, as expressed by



the follow1ng equation, was oon51dered to be adequate for values

‘greater than 70 percent
= 100 (1.0 _ s )

= ’ L
where . - # l
| tU - coeff1c1ent of unlformlty
* 5D - standard dev1atlon of all observatlons ?
X - thé mean value of all observations - \
Benami and Hore S i ) pfoposed aJneﬂ coefficient of'uniformity

by censidering the debgations from the group means rather than the gen-
eral mean. .The éeneral mean was computed from all observations. The-
group means were-determined from observaf‘ons‘above and below the gen—
eral mean. This apﬂtoach gave more welght to readlngs with exten51ve

deviations from the general mean.

AlseN_(M)

2T, + Dy M

Ao - uniformity coefficient
Ny - numbef of observations above the general meari
Ny - number of observatlons below - the general mean ‘
Ty - sum of the observatlons above the group mean in the above
group | . .
T, - sum of the observations below the gfbup mean in the below
group . ‘ ‘
D, - difference in the nurber - of observatlons below and “above thezz:)
_ growp meannln the abdve group
. Dp - difference in the nurber of observations above and below the

group mean in the below group



- M ’ group nean of the observations larger ‘than general HEan ¥
Mb group mean of the observations smaller than general mean ‘
Tezer (23), in investigating the rellability of the above three .

-coeff1c1ents of uniformity, suggested a new coeffic1ent (A), where

(A):issthe coeffrcrent (A ) expressed as a percentage (A=0 6A ).
: n

‘_The coeff1c1ent (A) proved to. be a better estimate of the degree of uni-

'ffformity than the coeff1c1ents (Cu U) described earlier - This was due
:;to the sens1t1v1ty of the coeffiCLent (A) to variation in distribution,‘
and thus gave a greater emphasrs to extrene readings below the nean
A frequently‘used neasure of sprlnkler perfornance is the USDA
pattern effic1ency EPL (7 ), defined as the ratio of the average of theVU

" lowest 25 percent of the appricatlon depths to the average depth of

application ' . _ :
' . (L/4)N | o Lo
X,
l .
EPL = 100 | — i
‘ (1/4)N x - -
where | ‘ o S ' .

\ : ‘
JX{ - the lowest_25 percent of the readings

X - average of all readings

N - total number of readings g

:Skewness of thelirstrlbution either p051tive or negative which occurs in
' w1ndy conditlons would affect the above USDA pattern efficiency Ep1, since

it depends on the lower tail-of the~distribution

. 2.2 Factors Affecting Uniformity

5

" The main advantage of ‘sprinkler 1rr1gatlon is the capabllity to
distribute ‘water more uniformly onto the soil than any other method of”

irrigation The factors affecting uniformity can be classified depending

~



ori thelr oragln as (19) :
| a. Sprlnkler head factors, represented by the size ( f sprinkler
_nozzle, type of nozz;e,»ang}e of nozzle, rate of sprinkler
‘rotaticn and Operating“pressurea
bf Dlstrlbutlon system factors; such as sprinkler and lateral
‘dspac1ng, helght of sprlnkler above fleld surface, stability
Tof sprlnkler riser and varlatlon of pressure along the lateral.
. c. Climatic factors malnly w1nd speed and dlrectlon
:“d: Managenent factors; varies with type of sprinkler system.
Wlth statlonary systems these : ~ the system layout and dura-
',Ibtlon of system operatlon Wlth self-propelled systems the
dfactors ar? ‘the speed of the lateral and the- allgnment of the‘
lateral and the sprinklér risers. - e -
Christiansen (5)4made extensive field tests to investigate the
- factors affecting\the;water distribution‘of.sprinkler systems.~He>inferred
that the water distribut;;n\from sprinklers could be‘classified.into
six characteristic geometrical patterns, designated as A, B, C, D; E, and
F curves. The A, B, and C curyes varied fram triangular to conical |

shape and gave uniform distributions when spriinklers were no f:&s@er a-

part than/i5 to»60\percent of the diameter of a sprinkler wetted pattern;
The ﬁ, E and;F.curves however, reserbled a 'ectangularfcross—section ‘
and yleld high unlformlty coeff1c1ents with spac1ng up to 45 percent,

dropping sharply between 45 to 75 percent and increasing again between
75 and 80 percent of the dlaneter covered. |
| Wilcox and MacDougald (25) selected ight types of distribution
curves- to deternane their impact on the

'formlty of water- dlstrlbutlon

and reported similar findings to those | f thlstlansen (5). The best

‘g
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‘dlstrlbutlon curve .was found to be one wuth a steady decrease ln.appll—
'catlon rate * from the sprlnkler towards the boundary of the pattern For
squared-Spac1ngs the sprinklers should not be further apart than 60
percent of the dlameter of throw A squared spacing results in better
uniformity than a rectangular spacmng for the same area covered when

no wlnd is considered.

Sprinkler'wettedkpatternseare distorted when iradequate water
pressure“is supplied. BilanSki and Kidder ( 3 ), conducting laboratory
experiments on medium pressure sprinklers, showed that-the uniformity
_of.water distribution inereased with rising préssures. - With higher
pressuresfgreater‘breakage of the water stream occurs resulting in
smaller droplets,'filling~thesgaps normally caused by lower pressures.

" A further increase in uniformity was observed from sprinklers operating’

with oscillating arms. For a’given operating pressure the distribution

improved with a larger nozzle size. To minimize the decrease in uniformity

due to variation in systehrpressnre, Christiansen (6 )'remrmnendeab
that the frictional losses along the stationary lateral shonldlbe kept
within 20 percent of the average<mgerating pressure. | | ‘
The unlformlty of water dlstrlbutlon is affected by wind be—

cause of the skewed wetted patterns. At low wind veloc1ty (less than

3 mph) nost sprinkler systems operate fayourably. However, with a high
wind velocity4(10 to 14 rph) sprinklerjwetted patternsrbeoune as&m—'
metrical, ,as a result of hlgher concentratlon of water near the sprink-
ler and on the lee,side Chrlstlansen (5 ) showed that w1th closer ,‘
asprlnkler spac1ngs and adequate overlap between sprlnklers the effect

v

of wind on the unlformlty of water dlstrlbutlon was less SLgnlflcang
\

than that of other factors. Korven (14 ) in his.testlng various
. ‘.



revolving sprrnkl?rs, indicated that the effect of wind at high veloci—
ties on uniforndty of water distribution was quite dramatic. | Fram the
results, it was concluded that the average coefflc1ent of unlformlty of
all sprlnklers tested fell from 82 to approx1mately 32 percent when the
w1nd Veloc1ty lncresed from 4 to about 17 th At fairly hlgh wind
veloc1t1es the unlfornuty largely depends on. the design characterlstlcs

of the lnd1v1dual sprlnklers

2.3 Factors Affecting Sprinkler Drop Distribution

The drop size distribution of\sprinkler sprays and dyPamics of
the individual drops are of practical-inportanCe in sprinkler irriga-
tion. Small droplets are subject to wind drift and evaporation‘loss—
es which in turn result in distorted patterns, poor unlformlty and
i reduced sprlnkler eff1c1ency At lmpact large drops with greater
klnetlc energy have the potentlalhof breaking up the soil structure

‘and also damaglng the leaves of young plants. : : "
o o '

2.3.1 Sprinkler Jet Breakup

<A jetlof water emerging from a nozzle under relatively high pres- _
\ sures breaks into small. droplets becausebthe state of.equilibriuﬁ

has been disturbed. | | |

Merrington and Rlchardson (15) sumnarlzed prev1ous research con-
cerned with dlfférent phases of dlsturbance of a lquld jet. In the
first phase of dlSlntegratlon, the jet becomes varicose due to the
actlon of Lnertla and surface ten51on The rate of increasing distur-
hance is independent of the speed of efflux In the second ‘phase of
dlsturbance, the jet is further deformed and the actlon of th?;alr

" becomes more important than surface ten51on. Slnce the air re isj

°
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tance‘increaSeS rapidly with speed, the'rate.of jet disturbance
inéreases with increasing speed of efflux._ The third phase of jet “ i
breakup, in whf%h the jet is campletely disrupted, is'termed "atom-
ization"vby Ohnesborge; as citea‘by Merrington and Richardson (15).
- Miesse (16) modified the crlterla originated by Ohnesborge by
\

deternunlng the reglon where the three types of jet dlSlntegratioz : //

occurs. Based on dlmen51onal analysis, Mlesse indicated that -the

phase of dlSlntegratlon occurs in the secondary atcnuzatlon region
rather than in the third reglon. The prime forces actlng in that
region controlling breakup are viscous, inertia and capillary .

forces. i

. Rouse et al (20) described the jet breakup just after emergence
1

frOm the nozzle fas a result of continuous actlon of countless numbers

of turbulent eddies ro- longer conflned by a conduit. At this stage,

«lthe density.of air is too low to have any significant effect upon

a jet. The action of . alr begins only after the jet is suff101ently
dlsrupted The re51stance of alr is proportlonal to the square of the
velocity of the jet and -the cross-sectional area.‘gThe'res1stance
rapidly decreases as the~distaneefof travel of the eddies carrying

water from the main stream forces them to spread laterally at dimin-

ishing velocity.

' Q
L ‘ . \?
. . . S

2.3.2 The Drop Size Dlstrlbutlon

° . Merrington and~R;chardson (15) found exoerlmentally that the mean
drop diameter of waterbparticies depends on the fluid viscosity and
the jet‘velgcity.v The mean diameter was also found to be inversely
progortionai to the relative velocity bétween the jet and the surroundf

inggair. Considering the cross-sectional profiie of the jet's relative

10



velocity to.the air, the” smallest relative. veIOCities are near the

jet S periphery Thi;‘dmll result in smaller particles at the peri- -

phery of the jet and the largest particles near the core. o /z
xSeginer‘(2l), examining the interrelation between the sprinkler

drop size distribution, drop velOCities and sprinkler distribution

pattem, made the following obgervations:

a. With increased operating pressure, the mean drop diameter

. and the application rates decreased, the radius of water \
throw i eased and tﬁe distribution pattern improved.

b. Higher rates of sprinkler rotation tended to decrease the

radius of throw. __The rotation"of the oscillating arm did
\ not Significantly affect the distribution characteristics

C. At a given distance, larger particles were forned from ro-

 tating sprinklers as cofpared with non-rotating sprinklers.

Kohl ( l3 ) denonstrated experimentally the effect of pressure and
nozzle Sizes on the nean drop dianeter. When the nozzle size was held
cpnstant and pressure varied, the increased pressure resulted in a greater
numnber of smaller drops. Since jet velOCity is proportional to the pres-
'sure, the expériment confirmed the relation of decreaSing drop size with
increaSing relative Veloc1ty.between the jet and the air. Similarly, by °
decreasing nozzle siZe,aticonstaht'pressuie the mean drop size is de- .
Creased, but the effect of riSing pressure on the mean diameter was more
pronounced. Smaller: sprinkler nozzles will produce smaller mean drop
sizes than large sprinklers under normal operating conditions. Operating
small sprinkler nozzles at low pressures may result in larger” nean drop
. diameters than" the mean drop diameters pProduced by larger sprinklers at

higher pressures. B - ‘ P
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‘Several methods Gf measﬁring droplet size have been employed to
determihe the distribution. The most comton method of measuringfthe
pa:picle sizes is fhe "stain method" described by Hall (10). This
Hethod is based og/ﬁé? assumption that a drop;f;llfné upon a uniform
absorbent surfaée leaves a stain'of a certain diameter, proportional to
the diameter of the:§r§p. Seginer (21), using the stain method, de-

.termined the drop size fram this relation:

d = 0.444 D¥/3 o | (2)
where
d - diameter of the drop (mm)
1& ~ dianéte:\of\the‘stainv(nqplﬂ

2.3.3 Behaviour oi Water Drops Emitted From a Sprinkler Nozzle

After the initial disintegration of the main stream&’the individual -

water droplets will deform or may further break up under the high velo-
city depending on the size of the drop. Blanchard, cited by Umback and
ILembke { 24 ), concluded that drops below 4.6 mm are quite stable, and.

diops between 4.6 and 5.4 min break up upon shock. . The trajectories of

the drops will largely depend on their tangential velocities. The forces "

exerted on the particle are the resistance of the air, gravity and under

windy conditions, the wind.

Seginer ( 22 ) discussed some phenomena related to the tangential
velocity of sprinkler drops. He assumed that the two forces acting on

" a drop are the drag force and gravity. The air drag force was described

\

as an "ever increasing function of velocity (V) for any giveh body".
The relation between the velocity and the drag force was expressed by

,\neans of the drag coefficient Cd.

\

/
|

12



Cd:_._zp__ _ * ' ('3)

p VA

- where { , N

the air density (Kg - s¥m’)

©
[

A _ the projected area of the particle (n?)

F - the drag forcej(Kg)

V.- the relatiVe velocity of the particle (nys)

[

The drag coefficient of a water drop was conSLdered to be a func— '
tion of the Reynolds number and Weber number because of the deformation

of drops at high velocities. At hlgh velocities, the drag coefficient (C4)

approaches a minirmum value and the drag force may be considered directly
proportlonal to the square of the veloc1ty ' The effect of graviﬁy on
the partlcle depends on whether the drop has an upward or downward component

of vechity; The drag force F was approximated as the lower function

of the velocity V., > e
- ‘ . e
F = 4cnv“ . (4)
_where

. Cph — coefficient depending on value of n

n - positive dimensionless constant

The effect of the constant n on various trajectories of drops was

" investigated. A value of n = 2 proved éatisfactory, on the average, in

predicting sprinkler droplet paths.. The equation of motion is then:
/ - ' L
N L ~ i .
2 (5)
d2y
— = (dx)ig
ar2 2

where



g - acceleration due to gravity (m/s™)

“ .
+ - sign indicating upward or downward movement - A
C2 - drag coefficient

T

g% - relative velocity of a particle (m/s)
a | .
——%{- acceleration of a particle (nvsz) ‘

dt

Okamura (17) derived an equation of‘notion for water particles
emitted from a sprinkler nozzle in still air oonditions and under windy
- conditions. The drops were .assumed to retain a spherical shape for the
average flying time. Under no wind condltlons, the equatlons of notlon
was based on the alr drag force and the evaporation losses. The air
drag force ConSlStS of two components namely, the viscous and inertia

resistance expressed respectlvely as:

f1. = 6 TR Va o ' (6 )

2

l ‘.
) _;cd Spv . (7

where

n - dynamic viscosity (Kg - s/ﬁz)

V - velocity of the pafticle (m/s)

a = radius of sphere (mf

Cd - air drag coéfficient o _ : “
S } projectedna:ea of the sphere (m2)

P - density of the fluid (kg - s2/m4) , .

When the Re ~lds number is greater than 1, the viscous resistance

14



is negligible and thé inertnajpsistance may be considered the drag
force. The drag coeff: -ient Cd was approximated from the following
equatiéns: |

R, <100 C.

i

37.3/R_- 0.0033 R_+ 12 _ ‘
e . e

i

100 <R <1000 Cgq = 72.2/R_ ~ 0.0000556 R_ + 0.48 (7,a,b,c)

R, >1000 ' C 0,45.

d

[ 4
: The equation of motion of the spherical drops in still air in the

direction % and y are:

N4
Py 3 .
x =Cq Tpw I T (8)
_ Pa 3. 3
where , ‘ u.  <
. ¥y
“ x - acceleration in the x direction (m/s2) .
1 ‘ .(T‘ \
. e | ) v ’
y - acceleration in the y direction (m/s2) 7

pa - density of the air ‘(Kg-s2/m4)
Py - densityuof the'fluid (Kg~s2/m4)
D. - d;ametér of the sphere (m) . R ' ' ' -

q - velocity of the particle (m/s)
; . e

'Thé’effect of.evaporation causes a decrease in droplet size while
the drép travels in ﬁhe'air. 'Okamura(vi7’)‘showéd that the chan&e in
diameter due to evaporation can be calculated from equations by incorp-
orating the heat balance term in the equaﬁioné of motion. Nevertheléss,

when particles greater than 0.5 mm are considered the effect of evapora-

15
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”tion may be‘negiected.' \

The difficulties inherent in the study of the motion of particles
when influenced by wind nEqrbe‘consiuerea ih two'aspects;"the lack of
-research on motion of water drops in still air ahd the problem of obtain-
- ing reliable gata due to the turbu%entvflow‘nature'of wind near the sur-
- face and the chaotic varia&ion of wind in most climatie cohd;tiOns._ _.
In deriving the equations of motien of sprinkler aroplets under wihd
conditions, the following assumptlons were made ( 18 ): | < |

a. Within some perlod of time, the w1nd velocrty is assumed to

be:oanstant,- The“rpstantaneous values of thé wind veloc1ty

are the sum of the meah and fluctuating values. |

b. The wlnd profile is assuﬁed to be a uniform, vertlcal dis-

~
o~

trlbutlon at a large dlstance from the surface(r Near the
ground the proflle 1s descrlbed Logarlthmlcally, thus the
- slope depends on the surface roughness Corlolls‘forces .
have a negllglble effect at thls relatlvely small scale
Using the above,assumptlons, the equations” of.notlon of flying drop-

lets were derlved for the case -when the w1nd direction is parallel to
kthe x axis-of the X, y and z_ coordlnates and the magnltude of the mean
-5w1ndyspeed>1s w.

--" o ) pa C3

o -3 e ‘_‘4D‘.q~ - . o .(‘o):
- Pa \ ) ; N .
Y =Cg —, Tap ¥ .o (1) .
g 0 A ~ o
ooz =g T T 4D . - . o o 12
- where . o ~ ST t

X = acceleration in x direCtion (m/s?)

B

V b ~ s - .
- T C. N N N . - -
) . . N 1 . .

16



i B
l N

é -‘veloc1ty in 4 direction (m/s)
W - wind’velocity (m/s)
g = acceleretion due to gravity (m/s2)
The trajectories of flying water droplets with various dlameters
.emitted from a spr1nkler nozzle are obtained by solving the differential
equatlons (10), (11) and (12) for the known initial condltlons, using
the computer From the calculated trajectorles drop size dlstrlbutlon
at any level and at any height were evaluated, Theqphenomenon of o
b-w1nd drift was clarified by con51der1ng the average wind velocity and
the varied dlscharge dlrectlon in respect to the wind direction in the
equations of motion. Because of the presence of a vertical component
© of wind velogity, fine water”droplets.are carriedtaway by wind drift,

thus accounting for losses in sprihkler spray. f

2.4 Theoretlcal élstrlbutlon of Water by Moving Sprlnklers

In modelling the cross-sectlonal distribution uf sprinklers, two

types of dlstrlbutlon curves, resembllng a trlangle or half an ellipse,
are commonly used. ' Both these geonetrlcal curves were found'to glve good
uniform:  within specific spac1ngs (4 ) . The maXLmum ‘rate with the‘
triangt . dlstrlbutlon is double the maximm appllcatlon rate with the

' 2.4.1 s'mgl,e Moving Sprinkler

élllptlcal pattern.

Bittinger® and Longenbaugh (4 ) analysed elllptlcal and triangular

.patterns of a 51ngle mov1ng sprlnkler to detlermine the degree of gkewness

when the sprlnkler 1s moved in a stralght line and in a c1rcular path. From

17



che geametry, (see figqures (1) and (14) precipifation at any
. /

int- (P) ~for triangular and elliptical pattern respeétively, were

lefi,: as:

_ <3
- { r-s ) .
Pp =h — < . S (13)
_h 2 2,12 | |
Pp =T s (14)°

vhere ’ oy

. ' o
h - maximum precipitation rate at middle of the pattern (in/hr)

H

- radius of sprinkler pattern (ft)

w .

- distance from spriﬁkler to point P (ft)

The total depth of application from one sprinkler was evaluated

integrating the rate over the total time. The total depths from one

by

éprinkler moving in a straight line at oconstant velocity assuming the

tkiangular and elliptical patterns are respectively:

_hr 21/2 5. (1m)L/2 41
'-Dtr”ag_((l_m) —m‘ln ER
b . < hr T (1-m?) !
el ~
. 2wR
\ ) ~ N
where 4 '

1
|

¢y — total application depth-with a triangular distribution

O
!

~ Dgj -.total application depth with an elliptical distribution

S - distance from the pivot to a point p (ft)

]
[

angle rotation about the pivot (radians)
w -—.angulaf,veIOCity of the sprinkler (radians/hr)

,,\
i A

- (15)

»

(16)

(in)

(in)

(AU
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PLAN ( . |
ELLIPTICAL IN CROSSECTION

Figure 1. Application rate patterns of a stationary sprinkler.

\

Figure la. Geometric Representation of a sprinkler moving in a

I

~ ci}cular path at constant velocity.

H - \

19




R
r
S

)
Ty

n - ratio {

- rati
m - ratio &}

R —-Gistance from Lhe pivot to the sprinkler (ft)

;J{m@eofmmmﬁmmfﬂ=ﬂﬂ—d)m@ms
T - time required for one half of the sprinkler pattern to pass
-point P (hr)
~h - rate of precipitation at centre of sprinkler pattern (in/ﬁ;)
r - rad 5 of sprinkler patter (ft)p | |
The total depfhé from one spriTkler moving in a circular path

assuming a triangular and elliptical pattern are respectively:

-

- wT 1/2
_— _ _2h { .2 2 g
Dt; = 2hT Yo f ( Ss° + R 2 RS cos a ) da g (17)
0 . |
wT . | .. R
2 \ 1/2
_ 4h _ 2% _4dn n+m .2 .
Del = o (L - m") f ( 1 — 3 sin ¢) d¢ _-(]:8)

-0

// 1-m"

Bittinger and Longenbaugh (4) observed the distribution for both
patterns moving in a stfaight line by plotting (Dtr/rj and (Del/r) agaiggt
(m) from equations (15). and (165. Fér the case of a sprinkler moving in
a éifculgr path equaﬁibn (17) was solved as an elliptical integral of
the ‘second kind_E(k,Q). ‘Equation (18) was no£ readily evaluated except .
by numerical means. They also noted that for (n).greater'tkan 5 the cir-

‘cular path could be approximated with a straight line path.

The maximm precipation rate from a stationary.ép;inkler for both

distribution patterns is!near the centre. When the sprinkler is moved in
i

a straight line or a circular-path, this rate is further intensified.
. ) . . : ” .
The pattern is skewed toward the -entre of curvature when moved in an arc.

The degree of skeWness varies inversely wi‘' the distance between the

&

1
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sprinkler and the pivot. w%th effective overlap between adjacent sprink-

ler and the pivot. With effective overlap between adjacent sprinklers \‘\\\\\:>

both the triangular and elliptical distribution curve will result in

high uniforﬁi:ies. The optimum spaéings for: the two types of distribu-~

» R
tion curves respectively. are 1.0 and>l.4 times the pattern radius (4).

2.4.2 Rotating Lateral

Théiapplication rate on a point (P) at a dlstance (S) from the
centre pivot 1ncludes dlscharge from more than one sprinkler and can \
be determined by sunning the individual rates from ovérlapping adjacent
patterns.' The equatlons for appllcatlon rate for the trlangular and el-

liptical patterns, respectively are:

_x I P R A
Bep =20 by -5 (S + R 2R;S cos a) - (19) '
i 1
. \ . ,
A. =3 * (r?—b'—R2+2R.Scosa)2 - (o)
el r. i i 1 .
i 1
where | ‘ "' : |

i- subscrlpt referrlng to 1th sprlnkler on the lateral
At~— appllcatlon rate w1th a trlangular dlstrlbutlon (1n /hr)

Aé - appllcatlon,rate with an elliptical dlstrlbutlon,'ln./hr) ‘;

'h,r,S, R, , - as previously defined

The equations (19) and (20) sqlved by Héernann and Hein (11) for small
increments of (@) from zero to (WT) gave one half of the symmetric
rate~time relationship for a complete pass of the pattern over point (P).

For the C.P.‘system analyzed, the eqﬁationsbsolved to determine the

‘total depth ét‘a distance (S) from the pivot for the triangular and el-

B s S igwmmin e T
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lliptical patterns, respectively, were: ‘ v
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(22)

The distribution patterns. for a C.P. system are obtained by nu-
merically solving equations (21) and (22). The large number of re-
petitive solutions suggests the use of a computer. For applicatien
depths beyond 650 ft (i.e., the skewness for the c1rcular path is less
than 0. Ol in. from inner to outer radlas tbr one sprlnkler) stralght
line approximations for triangular and elliptical patterns could be
used (11).

For comparison of theoretical and field distribution Heermann and
Hein (11) found a'close fit between computed and measured application
depths for triangular and elliptical/gistribution were almost identical.

The small dlfferences of the two distributions were assoc1ated with the

close spaélngs of sprlnklers in the systems studled‘
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CHAPTER IIT
MODEL _DEVELO&MENT
The model simulating 'eicentre pivot‘irrigation system consists
of two'separate parts: The first part involves the dynamics of water
droplets emerging from the rotating sprinklers. The water droplet paths
deflne the basic wetted patterns of a sprinkler for a range of angles
and discrete values of particle sizes, initial partlcle veloc1t1es and

wind velocities. The second part of the model, which simulates the rel—

~
atlve performance of the C.P. system, performs two distinct functions,

namely:
a. The interpolation of the geometric variables that define
the finite numoer of calculated wetted pattems. Predicted
wetted patterns could then be determined for a range of
initidl conditions encountered o - A

b. The determination of the system performance described by the

application rates, depths and coefficients of uniformity.

3.1 \Eynandcs of Water Droplet in Flight
N &
Experimental research onothe distribution of water droplets inside
the wetted pattemns has shown that the largest droplets assume the
largest flight trajectories (21). Blanchard, citedvby Umback  and Lenbke
(24), indicated that, after the J'_nitial‘brveak—up of the

water droplets will further deform or disintegra

gentlah fllght veloc1t1es and the droplet sizes.

the flight of water droplets-from a-sprinkler‘the‘following assump-

tions were made:

23



a* The viscous conponeﬁt of the d?ag éorce'aCting on the water
dfoplet is negligible sincg the Reynolds number under most
flight .conditions is greater than 1. The drag coefficient Cd
i; therefo;e a function of Reynolds ﬁumber. -

»bi,hihé water droplet retain§ a spherical shape Ehroughout
the fiight time.. ‘ ' | - | |

c. The effect of evaporatiénion droplet size is negligible.

- J. For the flight time .considered,- the wind velocity is conQ
stant with a uniform verﬁical'profile. The wind resistance
acts only in the horizontal directibn. |

Taklné the above assumptions into consideration, the equations
of motion of flying watér droplets were.-derived. The forces acting
on a water particle at a particulaf instant in flight are the drag
force (Fa;, the gravitational force (mg),‘énd the inertia force ()
as shown in figure é, Applying D'Alembert'é principle, the sum of
forces on the particle in the inertial reference framé (R) equals

Zero.

\ ’ l
\

\

\ . \\
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The drag force acts in a direction opposite to that of the relative
velocity between the particle and the air and is gjven by the

equation:

Fy =_—kv2 , ‘ &
=1/2 CqPA

Cd ~ the drag ocoefficient (dimensionless)

P - the density of air (slugs/ft3)

A - projected area of the spherical droplet (ft2)

Consider a water particle at an instant (t) in flight whose

. position relative.to the ground was described by a coordinate syatem
R(x,y,é) as s%own in figure 1. Assume x, v and 2 to be the positive

,véarticle velocity compoﬁents in the positive x, y and{a directidnsl'

The véchities of the water particle (p) and wind (w) were given as:

5; f ipi + §pj-+ Epk
w = iwi * 9&9

The relative velocity between the water particle and the wind is:

VR = (xp - xw) i+ (yp - yw) J + zk
= . e2. .. .2 .2\1/2
\/R = (\‘(xp xw) + (yp yw) + zp )

witha, 8 and ¥ defined as the angles the relative velocity vector
i

V makes w1th the X, Y and z coordlnates respectively; the drag

force can be resolved in x%, y and z directisns to obtain:

Fd = f i+ fy] + f k
£ = —kV2 cos @

X R

fy = —kvi cos fB

£, = ~kv2 cos y -

(6

)
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where the directional cosines are: ) \

\ . .
cos a= (xp - w/VR)
cos = (Yp - y./Vg
cosy= (é/”\IR) "
Substitutiné fora ,f and vy components of the drag force are:
9 ‘ . |
£ = —kVR(xp - %) ; , ' (7
fy = —kVR(yp - v : (8)
£, = —kVR(zp) _ . (9

Suming the forces acting on the particle we obtain the following

reactions:
e ] < 4 e ’
FX = (0 = mxp kVR(xp xw). _
Fy =0= —myp - kVR(Yp_Yw)

F, =0-= —mzp - kVRZp—mg I

The accelerations of the particle in the x, y, z direction are:

. “‘
X = - |

k c
D m VR '(Xp %) _‘ ‘
.. _ }—(- . _ . ‘ ‘
Y5 = T n Vo (yp Y., , (11)
.z. _ }.S . _ . . <
p= m R p °

,'I‘hé differential equations (10, 11, 12) were goylved\for known
initial conditions' by‘ means of a continuous simulation mcx‘%elling
program (CSMP). The model performs continuous integration of thé‘
particle acceleration and velocity du'ring the spec1f1ed flight
time (t ). The Simdation model not only describe’s%he trajectory .
of the particle in flight but also permits the geome?ir Qf the wet-
ted pattern to be defined when thé water‘ particle s'é[rikeg the ground
surface. - : ' \\ ‘

The ratio (k/m) must be known to solve the differential equations.

‘The mass of the particle (m) for a prédetermined particle diameter

(

A

") - (12
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. [
(d) is obtained by using the earlier assumption that the droplet is

“

spherical in shape. Therefore, 7
2
_ md : ©(13)
A= g | Lo | . | \
. 7
and ‘ :
\
7, )(VO)(GS)'
m = 3 | (14)
where,
A - project?d area of the spherical droplet (ft2)
d - diameter of droplet (ft) \ '
g - acceleration due to gravity (ft/sec2)
. k]
VO,— vdlqme occupied by spherical droplet (ft3) =.%‘nd3
b
P4 : N 3 -
7w - densSity of water (62.4 1lb/ft7)
GS - specific gravity of water (dimensionless)
The mass density of the air (P ) is obtained from the relation:
s - C/"
1 - 3 ~ (15)
= (— £
p (Vg ). (slugs/ft7) -
where, . ) o _
¢
‘v - specific volume of air at 65°F '
The drag coefficients (C4) were estimated from the diagram
as a function of Reynolds number Re: S
‘ ” _vd, | o o
Re = (—l-)‘) . (16)
where,
. :4 v \

b - kinematic viscosity of air for atmospheric pressure
(1 atm) at air temperature of 65°F (£t°/s) (8).

Various values of the ratio‘(4 % 5 are determined for éelected
range of discrete vélués-of particle diameters (d) and the associ-
atéd initial velocities.by using the’ above relationships.

Initial analysis indicatéd that the simulated patterns could

LN
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be'categofized into two types-

| a. when no wind condltlon ex1sted the wetted patterns ap-

proxlmated a cirCular shape that was descrlbed by the "
" equat}on'of a circle (x2 + y2 = r2).

b. with the inslusion of .wind as a vsctor in the initial
conditions, the resulting skewed Qetted patté}ns wers
best apprsximatéd by joining two halves of two ellipses
with a cqnﬁon minor axis (;cz/a2 + y2/b2 = 1 and
2 v yipt =),

Thesé georetric variables (a, b, ¢ e, and x) were simulated

in the model to represent all possible wetted pattegns that resulted

from the initial condi ‘ons considered in this study.

s

3.2 Determifabjon of Predicted Wetted Patterns by Interpolation. \
The .bésit:&kﬁied patterns that were simulated in the first paut

. ,
of the model were. defined by the variables a, b, c, e and x; where a,

b and e are the semi—axes.of the elliptical shaped pattern, ¢ the loca-
tion of maximum application rate relative to the sprinkler and x is
.the radius of the sirdular pattern. when no wind sondition preﬁail.
(See fig 3 5. Eot specific values of the system variables such as
sprlnkler nozzle angles (7)), sprinkler height (z) and wind velocity
: VQ' these geqnetric variables (a,b, c, e and x) were interpolated
- from those simulated with the measured particle size‘(PS) and
initial particle velocity‘(Vbi)-as the‘specified arguments.‘-A two
dimensional interpolation techhique ( thé haturél bicubic spline
approx1matlon) was used, in this sectlon of the model, to lnterpol—
ate the given set of unequal spaced data (é). A subroutine, ICS2VU,

from the IMSL statistical.package (12), was, used to do the ihterpolv



ation. The subroutine was'necessarily incorporated in the model to
eliminate the lengthy conputer time required in SLmulatlng the predlyted
wetted patterns for all comblnatlons of initial condltlons

Prellmlnary lnvestlgatlon of 51mulated varlables a,b, c, e and
X suggest a linear relatlonshlp for a change in w&né’veioc1ty -There-
fore, the predicted wetted patrerns for measured wind velocity
within the simulated range were apprOleated by llnear 1nterpolatlon
The predlcted wetted patterns outside the SLmulated range of wind
veloc1t1es were_extrapolated assuming that the linear function

« holds.

NO wIND

SPRINKLER
LOCATION (Q)

} a e

Figure 3. Geometric variables and configurations describing the
N sprlnkler patterns " -

A

\
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3.3 Performance Parameters of C.P. Systems . . s x
This sectlon of the nodel evaluates performance parameters ‘ ti‘;

of a C.p. system The relatlve performance is assessed in terms of

application depth (DS), appliCation rates(AS) and the uniforndt§
ooefﬁrcient (Cu).. In order to”determine theseTperformance-parameters,

the dimensions (a b,c eiand3¥)~of the predicted wetted patterns

-and the ‘system characterlstlcshere used in the program proper ‘ﬂhe sys—
tem characterlstlcs were the maxunum appllcatlon rates for the trlangu—

lar distribution (Ht) and the elliptical dlStrlbUthD (Hg) , the Sprlnkler

volume dlscharge (V) and the angular velocity of the centre pivot (w ).

t
In modelling the distribution of'individual sprinklers along:

. lateral, trlanfular and seml—elllptlcal dlstrlbutlon profiles
were assumed from earller research (4) v The two dlstrlbutlon
proflles dlffer in that the maximum-application rate of the eilip—
,tlcal case is approxrmately half that of the trlangular proflle'

The location of maxinum appllcatlon rates for 01rcular wetted patterns

is located 1nmed1ately below the sprlnkler, but in the case of skewed
wetted pattemns, however, thls is offset a dlstance (C) from the
sprlnkler (Q) along the nijor axis. The assumed dlstrrbutlon proflles ’
for both c1rcular (no w1nd Oondltlon) and skewed wetted patterns v

are’ shown in flgure 4. The maximum app!ication rates‘for crrcular

wetted pattermns (no w1nd condition) are glven by .the. followrng

t 1Tx2. : | - " ‘ ‘ - (17)
e S 2 . . : . (18)
X : ‘

where:

- H_ - maximum application rate of circular wetted pattern with

¢ N



triangular distribution “{in./hr)
s . He - maximm application rate of c1rcular wetted pattern with

elllptlcal dlSt.rlbuthI'l /h.r _ E \

V - distharge volume of sprmkler (gpm)

X \— radlus of circular wetted pattems (fu*

CWINDS

He

e
I |
| 1

l
- -

1
r*———spRlNKLER LOCATION ——»l ;
- | ,

N . o .
| . " : \
L
I o l ‘

WIND |

" [ . L y | . C
_ L"'— a A—"l‘~ e —*l : L‘—O B nal “"l | " ‘T'?"j'j'n%:

4 TRIANGULAR o ELLIPTICAL

'Figure 4. Triangular and Elliptical dlstrlbutlon proflles under
wind and no wind conditions. ' 0
. e



. For wetted patterns distorteq by the effect of the wind, the maxi-

mum application rates are: A

4 = 578V : o (19

tw T (ab + Le) ‘ te

. \ : : | " )
1 | .

Hw= 28y - (20

\.a
where:
Htw - maxrmum application rate of distorted wetted patterns

with trlangular distribution (in./hr)

H, - maximun application offaisterted wetted‘pattern with
o elliptical distributipn (in./hr)‘ ’

-e,b;e - dimensions of skewed wetted petterns (ft)

"In determining the anplication rates‘(Ap)'for_eny given point
- within the wetted pattern, the location of point P and the point of

'imaximum application rate (Hp)‘need to be described with reference to

\

the centre pivot'(O). The. analy51s con51ders the two ﬁailow1n§ cases,

dependlng on whether or not the dlstortlng effect of the w1nd\£s included.
Case I: Clrcular wetted patterns (no wind oondltlon) - \

\

Con51der\ an instant (t) when the lateral (OM) makes an angle
(0 with the (x) coordlnate, and a sprlnkler located at p01nt (Q)

’along the lateral lmposes a circular wetted pattermn of radlus(x) as

haal

shown in figure 5 . Let P be any point within the wetted pattern
(T), and the distance (0QP) in relation to the p01nt.(0) is:
2

@ =(® +5 - 2R cos (§-4) ) (2

where: ¥ ‘ =
‘/& ' : -
QP- - distance of point P tgo the‘sprinkler location Q (ft)
"R - distance of sprink*er Q'to the pivqt-o (ft.).

—

\\ B ‘ n K3

- ¥
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‘distance of powi.c P to the pivot O (ft)

w0
|

@ - angle petween the -lateral OM and the x coordinates (radians)

v}
|

point represents a measurlng receptlcle along a row of cans

™
i

angle between OP and the x coordlnate (radlans)

[N

®/ B

1
X

Figure 5. Clrcular wetted pattern of a moving sprlnkler under
no wind condltlon.

. The application rate of the sprinkler (Q) at the point (p) for both

triangular and elliptical distribution are: !

(= ) - |
Atr =Ht - ;{—- QP v , (22)

“and

&
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In simulating the rotating lateral the effect of overlap by adjacent

sprinkler patterns is inoorporat"ed as: -

\ | | - —

1

; - Heyy — 1 ‘ “
By =Z [Htm B ’Q}‘?i)] C )

i=1

n u ‘ ' L o
A =§ A CO - (25)
el (i) (i) ki) | o

i:l X * .

where:

.
It

subscript referring to thle' it sprinkler on the lateral.
. :

o
It

number of sprinklers with 'overlapping wetted patterns.

The appli&atioh rate at the point. (P) varies continuously as the moving |
wetted patte;'-n passes over it in a given period of tJme .For‘a small .time
interval (A t) the application rate is assumed mn;tant, the application
depth at point (P) 7 is hence a.sum of the partial mstantaneous application
depths: ' '

. . - / . : . |
= z : - td) 5 z : t L ( 26)
Pep 7 Ht(i) X Q (i) A (3) : .
: . (1) :
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and-
n
Z eli) { .2 o\ V2]
'Delz ” (x - QP° ) At (27 )
(1) (1) (1) Z j
i=1 j=1
|
where
J - subscript referring to j time interval t.
T - total time when point P is located within the wetted pattern (hrs)
Case II: Skewed Wetted Patterns ' )

\
In this case the skéwed wetted pattern assumes an elliptical’ shape
with wind a;:tinc;;.in a direction\parallel to the principal axis of the ellipse
nakiﬁgv an angle ( @ ) with the lateral (OM) (see fig. 6). The p01nt of maxi-
mum épplication rate (Z;) is displaced a distance (cj frjorﬁ th:a 'spr\inkler lo;
cation (Q) on the later?l.' To compute t’he appl\icatipn_ rate of any ‘point
(P) located within the skewed wetted pattern, the dimension 2P and ﬁ in

relaticgn to the pivot O are required.

e

AP = (U2 + v2) 172 _ e ‘ (28) - . °
. A B
A
where: o . ' ‘ T
| , : ,
AP - distance between the point P and the point of maximum applica-
tion rate A. (ft.) .
U =Scos (B-9) ~Rcos (Y+8 ). (ft) -
V —

S (Sin B cos Yy ~cosfB sin ¥) - Rsin (8 +7 ) (ft)

o .
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R. ; distange between the sprinkler at Q and the pivot O. (ft)
S - distance between the‘point;P and the pivot O. (ft)
c l distance betweén point A and the“sprinkler Q. (ft)
0 - angle theﬂlatéral makes with the x coordinate of tﬁe'pivot
o 0. (ft) ' |

‘- (a +8 ). (radians)

- angle between the lateral and the direction of wind. (radia%s) ;

g8 - angle between OP and the x coordinate of the pivot O. (radiahs)
and, S . i
' 2.2 » -
— , a b ‘
7 = ( o s ) 172 ' (297
. a® cos“¢ + b° sin“¢ , ,
where:
- . U . ’ . 3

a,b - the semi-axes of the ellipsoidal wetted patkefn!

The major axis (a) is equal to e in Equation (29) when the point of .

" interest (P) lies above the minor axis (b}.

The application rates at the point (P) of the sprinkler at’ (Q) and
from the adjacent contributing sprinklers are: |

A

n

_ CHpy - |
Arp = Z fryy T = P - 30
i_——‘ (1) . ' ' : S
n’ H. L L’I’ ¢ . .
_ = (1) . KZZ _ 2. (31) \
A, M—s(_) (1) (1)
1

i=1



where:

/

ATR’ AEL - the application ;ates at a point: (P} from the pivoﬁ (Cb
| for the triangulér and ellip®ical distribution profiles,
respectively . (in./hr). | »
i- subscfipﬁ referfing torith sprinkle; bn the laterél.

~ N ~ nurber of sprinklers with overlapping skewed wetted

patterns at point (P).

The total application depths at the point (P) for the cumulative time -

interval ( At) are:

n . : n
HT . oo
- o (1) = _
Drg = E H opi) = AP 4y z : A t(j) ‘<32 )
| i=1 W j=1

O
2
It
ol
e
D —
&
’\N
=
|
Rl
—~ N
}:/.
~—
}—J
~
N v
o2
ct
S
.A;\
&

where :\ i

\

Dy s Dgp, — the respective application depths at point (P) for tri-
. , . \ , '
angular and ellipticbl distribution profiles within a
’ [ P N
time span (T). (in.)
T - total time when the point (P) is located within the

wetted patterns

- The unifbrmity of distribution for the C.P. systém»was evaluated by

méans of the following coefficients of uniformity: .
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| » (1) | Py ST (3)
Qugy =100 |1 - , | | .
‘ 2045 Sy
- | >, L) | |
Diyy 7 N ’ ©(35)
CU(Z) =1.00 l - = -
T Yo
' (1)
where:

Cn(l), Cuyy - the reSpeetive weighted and non-weighted Christiansen co-
| efficients of unifornity (percenf)l
D(i) - the application depth at point (1). (in.)
S(i) - the distance from the pivot O to the point (i). (ft) _ | '
i - subscrlpt referrlng to the ith pomnt along the llne of

measurlng cans.
»

N - the number of observations.

These two coefficients of uniformity were incorporated in the model to
assess. their sensitivity in relation to the effects of variarle winc. condi-
tions affecting tnevC.P. system. = v w B
The application depths at each predetefmined point along a given radial‘
llne were computed for both triangular and elllptlcal dlstrlbutlons The
system analysed, in this study, took into account the overlap effect of ad— |

jacent sprinklers along the lateral. The total depths at a distance (S?

from the pivot were determined by solving the equatlons (30), 1) and (32),
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(33) for one pass of the lateral at half degree incfe%ent; aa=%°),
The overall application depth distributions for both dlstrlbutlon
profiles are determined by uSLng a numerlcal method in solving the
equations. Considerable camputer time is needed since a large number
of repetltlve solutions are required.

The Fortran IV Computer Language was used to program the model-
ling formulation SLmulatlng the dynamic operatlo?_of two manufactured
) centre pivot lrrlgatlon systems (Clrcle Master, Valley ll60) used »

in Southern Alberta.



Chapter IV

CENTRE PIVOT SYSTEM SIMULATION:MODEL PROCEDURE

! 2

Sprinkle~rs of the C.P. systems were modeled in the program using a '}
’ . !

CSMP technique to determine their respective wetted patterns. The model

took into consideration the effect of wind. Predicted wetted patterns

were then mgdeled in the main program to assess the performance of the

funcpzonél C.P. system.

4.1 Model input Requirements

‘KTh? sprinkler simulation nodelrwaé executed on the IBM 1600 digital
Computer_using the CSMP package. The program.proper, however, Was.written'
in Fortran IV for use with the University of Alberta, Michigan Terminal
System (MIS). Program execution was pefforned on the Amdal 470 qomputer.

- vOncé the model was‘progranned; tle rapid speed of computation permitted
the study of variations attributed to particularly sensitive input paré—
meters. . \ '. v
The information required in the sprinkler simulation model deals with
the geometric and physical chafacterigtics of the Sprinklers and the in- |
fluenciﬁg enviréﬁmehtal parameters. \These parameters are‘listed-as follows
aiéng Qith their cdr:eSponding_variable names : \ . )
1. Anglerof sérinkler ranée nozzle (AlfA)
2. HeightAof sprinkler above ground surface (ZH) ‘ -
3. Projected area of spherical water particle (AP) L}>>
4. Mass of'watér particle (MAS)
5. Injtial particie velocity_(IV)
6. Drag coefficient (DCF) °

~



7. Density of air (DA) "

8. _Acoeleration due to gtavity (AG)

9. Wind velocity and direction ') and (WD)

10. Total integration.tine and the desired integration interval (DT)

and (TI) respectively.

N Ny

For the range of initial conditions consideredgin this'study, the
corresponding geonetrlc variables (a,'b é e'ahd X) Obtained.as output‘
fram the above simulation program are storeq‘as arrays in disc files for
specific input ranges of particle s;ze (Xx) and particle initial velocity
(yy). These geometrlc varlables (a, b, ¢, e and ;) wére assigned variables
| TA, TB TC, TE and TX in the storage files. | ‘
The 1nput information requ1red 1n the main SLmulatlon program deals with
_not only the measurable env1ronnental and particle trajectory parameters but

also the system characterlstlcs.’ The measured fiéld parametets are:
1. Particle diameters (PS) *
2. Wind velocities (VW) | “
- - 3. Initial particle velocities (VIN) .
The program at thiskstage per forms the neoessaty two stage interpolation
0o determine the pregicted'Wetted pattetns of the iA@ividual sprinklers.
The system characteristics are hext‘entered as:y
1. Location ofbsprinklers on the lateral (R).-
2. Number of sprlnklers on the lateral (M)
3. Sprinkler volume dlscharged (VV)VV
4, Angular velocity of Tateralv(T)

5. Direction of wind velocity relative to the lateral (AL) .

-6. Location of measuring.receptacles along a line relative to

pivot (Y)’

e ren it oo € o



7. Number of measuring receptacles aiong thg line (MO)
8. The angle between the lateral at any position and the x axis of

a co-ordinate system established at the pivot O (THE)

9. Integer specifying the number of increments of (A @ ) for constant
wind velocity and direction (INC)

10. Angle between the line of receptacle (CP) -and the x axis (BETA)

The cémputer model then completes the computation to dete iine-the out-
Y .
" puts for C.P.\syﬁtem performance analysis. SeVeral_options are available
\\ N - 4

in the model to\Qstermine the sensitivity of the input variables in an

attempt to obtain optimum performance of the C.P. system. a

1.2 Mcdel Operational-Logic

The sets of simultaneous différential equations, that descriﬁe the

" fint dynamics of a wé£er partiélé émitted.from a'sprinklef;“were solved

by means of the CSMP model ﬁsing the block diagram approach. The schematic
diagram showing the functionél'bloéks fér this nﬁdel is‘shown in Appendix

Z(I).l The program, uses basically two Fortran statements, nangly the configu—“
. . - : ) : ke i .

La . . ) { . .

ration statements which define the inter-connection and functiion operation

of the blocks and the parameter statementé that associate n \rical values .

~

with the block elements to particularize-théir fupctiphs. | :

The C.P. system simulation model performé the following funé%ion; at
various vsﬁ‘aclg_.e‘_s‘of the prograni"\l:' B , a \\\
\a)vfirstl}, the progrém‘Conpiles the input data (i.e. the ouéput

information of the CSMP program,'neasuréd'field parameters and
system characteristics) from the "source files using several read

statements. ‘o,.' ' T . : ) A ?




(b) | Interpolation is then used to determine the predicted

wetted patterns fories

‘THe- predicted w terns are defmed for a range of measured
field parameters and characteristics of the C.P. . system oon51d—

ered. When wind effects were taken into account, both two-
dimensional and linear ‘interpolations were perf‘ormed;'i however,

+ for ,ho .wind eituations only t%—dhmsional interpolatlom was -/

' required

)(c) “The model then proceeds to perform a search to determlne whether

the pomt (Pl) is enclosed wrclﬁln the boundaries of wetted patterns, \
\

and the rartial appllcatlon rates for poth trlangula.r and elllp— § H

tical distributign (TR, EL) a.re calculated then separately summed !

A

to compute the total 'appli'catlon rates.  The appllcatlon 'geptr}s
for both distributieﬁs are carréuted. as the product of the total
application rates arld the differential time ( At) required for .
the lateral '\to. sweep across.an angle: of half a degree,. : Hc;‘wever,
if the‘point (P1) ie not enclosecil' Y any wetted patterns the

program continues to select the next adjacent (Py) along the: line -

!
4

(OM), as shown in figures 5 and 6 . A similar.test and’ com~
putation’ is imposed on point P, nevertheless, when five secu~

tive points (P, Py, ... P) are found to be outside the bound-

aries of the wetted patterns,' the search and test is extended

'to the points along the next lines (OM,) and (W;)_\This 8
\ . - AN |
analysis was performed for 180 half a degree increments of -

the lateral position to ensure that the lnltlal and L
i

¢ final J_nfluence of the AOVing wetted patterns on the pomts

along line (OMj), (CMZ) and - (OM3) were fully oonsidered. 'I‘he



i
\

b _
total application depth forpeach point (P1) is'ccmputed as the

‘sum of each depth calculated at every increment of the lateral
position considered.
(@) Finally, the coefficients of uniformity for the C.P. system are

\ computed.

J
The flow chart of the program simulating the C.P. system is shown in

\‘Appendix (II). After completing the computation of performance parameters

‘ﬁor all desired input variations the program may be started over at the

beginning to model a different set of system'characteristics Oor terminated.

-

» o
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'CHAPTER V

COLLECTION AND ANALYSIS OF FIELD DATA

Two differentkcentre pivot sprinkier irrigation systems were selected
in oréer that their relative performance could be evaluated. . Both C.p.
systems were located aL sites that were free of wind barriers so that the
micro—climate represented the.typical climatic conditions of Southern
Alberta. Perennial forage crops“with rapid growth rates such as alfalfa
N \ .
and grass were ¢-own on these sites. The frequent harvest of these Crops

pefmitted repeat measurement of application depths without the interference

of the crops.: . °

‘5.1 C.P. System Characterlstlcs

The two C.P. sprlnkler systems under.lnvestlgatlon werev~Valley 1160'
manufactured by Valmont Industrles Inc ,Valley, Nebraska, Lliflk and 'Circle
Master manufactured by Pierce Corp., Eugene, Oregon, U.S. A

' The two systems were selected because of the1r»conceptual differences
in design sﬁch as. height ofAlateral, rotational speed of travei, sPrinkle;
spacing, numbex*ofvsprinklers and the type of sprinklers used. The geﬁeral
specificau%ons of the systems are given .in table 1. Theadetaiied per—-
formance data for the sprinklers used in both systems is given in Appendix
( 3 ). The majority of these system patameters for either systemsywere\
fixed as specified by their manufacturers. Evaluation ©of variation in
system performance attributed to changeAin system parameters were not
: possible since field ﬁeasurements we}e taken on sites at the disposal of

the owners. The rotational speed of system travel, however, is-the only

parameter adjustable to some degree, Two rotation speeds for each system

were used to lncrease or‘decrease the appllcatlon rates of the sprinklers.
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5.2 Experinental Layout for Field Test - ‘\\

Fhe application depths for the C.P. systems are tradltlonally neasured :

A

pS

usrng a grid system of rece1v1ng receptacles .Conventlonal cans ( 4 in. v,:j.

" in diameter and 6 in. - helght), held in place by a 9 ln long rod _were

used to capture the .~ - droplets In each row the cans were spaced 20
feet apart the first can, however’, was spaced 10 feet from the centre
‘prOt. The accuracy _of the measured appllcatlon depths was, enhanceo
by plac1ng two other rows of cans set at an angle of 3 degrees apart l‘In i

an earlier analysis (section 3-3) the rows of measuring cans represented

lines (5ﬁi), (6&2), and (6&3) whlle the 1nd1v1dual cahs were. de51gnated

T

as points‘Pl, P2 ... P_. Addltlonal YOows of measurlng cans were placed 1n(

n

a srmllar fashion at lntervals of 90 or 120 degrees betw the grids of

cans as shown in flgures 7a and 7b  respectively. ’
\ From meterological records the prevarling,wind directions
Sonthern Alberta are west and sonth west. The grids of neasuring cans on
both sites were placed in directions as shown in figures 7ah“ and 7b "
in order that the varied effect of the wind direction relatlve to the lat-
eral could be readlly lnvestlgated

Meteorologlcal ggta was recorded at the station lnstalled on the site-
suff1c1entl¥ dlstanced away from the effect of the sprlnklers A thermo—,
-hygrograph and a wind recorder were located in a standard meterologlcal -
booth 4 feet above the ground Temperature and relative humldlty were ,
measured by the thermo-hygrograph and recorded og a chart calibrated.for a
rperiod of 7 days. Wind veloc1ty &nd dlrectlon were sensed.9 feet above the
ground by a weather vane and separately recorded on charts of an event

recorder. The lnstruments functloned contlnuously during the experlmental

period. \ . o
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|
The amount of precipitation and evaporation during the experimental .
period were measured using a set of conitrol receptacles. These receptacles

were ldentlcal to the measurlng cangyused in application depths measure-

ments and were located away from tme‘effect of the sprinklers. 1In addition

to‘this equipment, -two tipping bucket rain‘ggg?e recorders were ysed in the

experiment. The rain gauges %ere calibrated to respond to a change of 1/100
of a@ﬁinch of pfecipitation depth; “Continuous_recording for 24 hours was
recorded on~the eharts. The tipping bucket rain gauge\recorders were used
to spot check the, rainfall precipitation and to‘synchroniae the measurement

of application depths to the meteorological data recorded.

5.3 Application Depth Measurements
The measurements of application rates for both C.P. systems were made
for two rotatlonal speeds of travel during periods of varled weather condL«

thns. After the lateral made a complete pass over the grld of cans, the

- volume of" water collected in each can was measured using a graduated cylinder

and converted to a depth in inches. ‘When application depths neasurements

were delayed, the necessary correctlonsxwere made for either evapora-
tion losses or gaLns due to prec1p1ta;i;n;$ The loss or gain was estimated
from. the change in volume in the control measuring cans. For the hydrauliC\
driven C.P. system (Valley 1160), some of the measuring cans were affected
by the water. dlscharge from the piston. Measurements in this case were
discarded and an average\reading was taken by considering the measurements

of .the adjacent cans

VL

5.4 Sprinkler Droplet Size Determination

The size of the droplets with the longest trajectories-was determined .

for the purpose of simulating the sprinkler's wetted patterns. Droplet

4
\
4

!
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‘sizes were measured for each‘individual,sprinkler of both C.P. systems with

the exceptlon.of the large volume 'end gun' sprinklers. In thé case of

Sprlnklers with double nozzles, droplets emitted by the: range nozzle only

were considered. The size of droplets were determlned experlnentally usrng
the staln nethod (10). | \

» Fllter papers (Whatman No. l) sprayed with a suspen51on of methylene
blue in carbon tetrachloride gave permanent stalns when a water droplet fel;/{
on the surface. The‘dianeter of stain was assumed proportional to the as-
sumed spherlcal fllght dlameter of the partlcle Calibration of equatlon (2)
(sectlon 2.3.1 for the filter paper, conducted-in the laboratory with known
diameters of water droplets, 1nd1cated (see'flgure 8) that the eguallon can
be used in approxrmatlng the droplet size measured in the fleld

For . fleld measurements of the emitted droplets a box contalnlng the
stain-sensitive filter paper was used. The: box had a slldlng surface that

operated like a camera shutter. The sprinklers were held stationary when

the filter paper was exposed to the farthest falling droplets. Repeated

sampling was necessary for each sprlnkler to ensure that the falling droplets "

dld not glve large overlapped stains. From these resultlng stalns the aver-

age -diameter of the droplets for each sprinkler was estimat®d.

5.5 Fleld Data Analysls

The varlatlons in wind veloc1t1es and w1nd dlrectlons were recorded
continuously throughout the experlment. Since it was not possible to deter-

mine the application rates measured at each individual‘canﬂin the row during

- a conplete pass of the lateral, the effects of'wind on each sprinkler cannot

be fully evaluated Therefore, a mmean w1nd velocity and dlrectlon was used

to relate the w1nd effects to the uniformity distribution of the" sprlnklers
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This mean velocity and direction was derived as an average of the values

recorded for every 15 minute time interval throughout the duration of a
single lateral pass. : ‘ <L .”._ T ' v{

\"“

Wwind velocities and dlrectlons were requlred as &nput vg;aables in the*%%? :

. C P. performance nodel as discussed in Chapter v, ﬁECtlonaz fjiv;~ ;va»of

the lengthy tlHE taken for the lateral to make 4a complete pass across the I & A1
: i N v

grid of measurlng cans. (approx1mately 14 hours, l/4 revolution) , srmula~°'
!

1
tion of each change of the continuously fluctuating wind conditions was

7

not feasible. For” this reason, an approximate time interval Q;QIS

mlnutes was - spec1fled during which a representatlve average w1nd veloc1ty
and direction was camputed for each interval throughout the experlmental
period. The time interval was adjusted to ensure an integer number of half-
degree incrementSYOf'the lateral,rotation. This was necessarf to facilitate ~
the iteratimeicomputati;n in the main~program.‘

A range of particle sizes~and initial velocities of the droplets emiﬂted
by the sprlnklers was requlred as Jjinput varlables in the 81mulatlon of pre-
dlcted wetted patterns Suff1c1ently large«samples of stains were obtained
from field tests for all sprinklers to permlt the determlnatlon of a rarige
of particle sizes. The;average sizes measured in the field were, therefore,

assumed to, always fall within this range. The‘faﬁée\of initial velocities |
"was determined from the manufacturer's specifications?of the individual sprin-
klers as shown in Appéndix_(IIIA) and (IIIB). The initial velocities were

note for a given discharge. and nozzle size.
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CHAPTER VI

RESULTS. AND DISCUSSION

4
\

Simulation of the relative performance of the C P system was made

n

possible by first det deteruunlng the wetted patterns that were developed in
the first part of the model ( see secticn 3.1, Chapter 3). The flight of
water droplets was srmulated for known initial condltlons for each

sprlnkler along the lateral“*

6.1. Input Variables for Model Simulating the Flight of Water Droplets
‘ — -
The initial particle velocities (IV) were calculated using the man-

¢

ufacturer's specifications (see Appendix ITI) as a guide. The droplet

7flight characteristics were determined from field meaéurenents and applied

ln the theory that descrlbed the forces developed 1nsthe mouang fluids.

- Prellvlnary estlmatlon indicated that approximately 500 camputing hours

were required on the IBM II8O Computor to simulate the requlSlte trajector-

ies. To reduce the large number of camputations yet malntalnlng
sufficient accuracy, the s1mulatlons were performed for all combinations
of a~particular range of input variables ThlS range of lnput varlables

enveloped all the situations that were encountered in the field.® The

‘interval of the‘discrete values of those variables were selected to

4

maintain thefaccurracy. The droplet sizes, for exanple, were input as
2,3,4, and S'mm in.dianeter as shown in table ( 2), for‘initial droplet
velocities of 90 ft/sec and wind velocity of 10 mph. The range of drop-

let initial velocities.(75 80,85,90,95, lOO 105 ft/sec) and\wind velocity

(0,10, 20 mph)were used in the simulation model for given phy51cal char—

acteristics of each sprinkler. . The resultlng parameters deflned the |

§

ha51crwetted patterns that were used to derive the actual wetted patterns

I3
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by method of interpolatiorn.

I

Wetted Patterns

From the output of the simulation model the boundaries of the wetted

v patterns are geometrlcally descrlbed either by the equations of a circle

of radlus (x) (no wind condltlon) or that of two ellipses with a common
minoxr axiﬁ; The validity of-using these equations used to curve fit the
actual s: 1 wetted patterns are shown intable 3 . The points a-

g@ng the bo...aary of the wetted pattern are represented in rectangular

<

.coordinates, with the same x coordinate for the purpdse of gtatistical

-

comparison. The goodness of fit of these points der%ved from the simu-

lated model and those obtalned from the equatlons of the ellipse are

+

' represented by the correlatlon coefficient that is in the order of 0. 989

Under no wind condltlon, the correlation coefficients of c1rcular wetted

patterns are best fitted as they are equal to 1. The possibility of

<r

using a more sophisticated curve fitting technique to obtain the best

fit conic equation for distorted wetted pattern. is beyond the scope
of this study; Simiiar representatton of circular wetted patterns were ‘
used by other researgﬁers (11) . | ‘

The dlstrlbutlons of appllcatlog””ases within the boundarles of a

wetted pattern were assumed to- approx1mate a triangular and seml—el—

llptlcal profile as suggested by Bittenger and Longenbaugh (4) . Under -

w1ndy condltlons the point of max1mum concentraﬁion is distorted for

a distance (c) fg@m the lecation sprlnkker.' For a wind velocity of
20 mph the. dlstortlons for a range of partlcle sizes 2 3,4, and 5 mm

are shown 1r¢#1gure 9. The\relatlve dlsplacement of the distortion

ioF the % utre of maximum concentratlon for a glven wind ve1001ty is

small (ﬁﬂ the v1c1n1ty of 2 ft), relative to the throw The previous

8L
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.= 6.4 Centre. Pivot Performance Analysis

. . \
distribution profiles can thus be assumed o hold in thenﬁistorted case
with the point of maximum concentration located at the displacement (c)

. . , 2
of the largest particle (5mm) under consideration. -

6.3~ Validity of Interpolation Technique

Inteerlation from the basic wetted patterns were necessarily in-

\ N . . .
corporated(in the model for reasons discussed in section 6.;. The

method of interpolation for unequal space data is noted in'seption 3.2,

Chapter 3. Plots of the input'variables (d), (Iv) and (W) against,the

outpug paraheters (@), (b, (c), (e) and ), as shown in figures (10),
b hey N

(1), (12), (13), (14) and (15), indicated.% linear dependence rela-

tionship exists. However, the unequal slopes of the plotted lines
suggested the use of a two- dlmen51onal 1nterpolatlon technique (the .

natyral blcﬁblc spllne approx1matlon) The accuracy of the two di-

'nen51on interpolation technlque was substantlated when oorrelatlon co-

' eff1c1ents of 0.98 were obtalned when. 1nterpolated values were campared '

to those simulated (see table 4 ). More than two dimension interpola-

’

- tion techniques may be used to increase the accuracy of the desired -

output paraneters for the purpose<of reducing the conputer simulatién'

.‘tlHE ACCGSSlblllty to these programs was not p0551ble durlng the

N

course of this study

Ty

, \ _
In evaluating the‘pérformance of the simulation'model eleven com-

parlsons of simulated and field data were avallable for the two C.P.
systems tested. The effect of the wind was. 1ncorporated ln the model as

.vectOr for a fifteen minute sequential interval. The trlangular and el-

\

‘llptlcal dlstrlbutlon proflles were used to represent the aétual case.

\\
\

\
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a
.Evaluatlon of the nodel 1nvolved the comparison of the appllcatlon

depths and the coeff1c1ent of uniformity.

6.4.1 Coamparison of Field‘and Simulated Application Depths

The adequacy of the nodel for predlctlnq the depth of appllcatlon was
determined by comparing with experimental measurements from ;By two
Ooperational C.p. systems Fleld appllcatlon depths were Measured in
‘eceptdcles spaced 20 ft apart and extendlng radially outward from the
center—pornt (see flgure 7a and 7b, sectlon 5.2). The individual
sprlnkler weéted pattern, the angular veloc1ty of the lateral and the
Wind characterlstlcs were Heasured and input in the ‘model to allow a dlrect
comparlson of fleld‘and theoretlcal 51mulated depths Attenpts to use
a statistical test for comparison to a standard or control set of field
Measured application depths were not p0551ble because of the chaotic na-
ture of the 1nfluenc1ng ebv1ronmental factors The disparity between
the measured and s1mulated depths were situated in terms of the absolute
deviation (AAD1) and percentage absolute deviation AAD2 computed by '

the following relatlons - o o - A

‘ _Zl Tyl

AAD] = . o
) , | (36 )

. Z’ (1)' - : ‘ ( 3'7._,).f

~

where, v
Oi - individual measured application depths (ins)
Ti.— individual SLmulated appllcatlon depths (lns) N

"N = number of sets of measurements used in conparlson (1nteger)
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The theoretical application depths were determined for both tri- |
angular andtelliptical distribution patterns and plotted against the
field measurements that were determined for 20-ft radial intervals.
Only small differences were observed between conpnted application depths
for triangular and elliptical sprinkler patterns (see figures (IV( 1) to o
(Iv(ll) in Appendix .IV). The close spaCings of the adjacent sprinklers .
along the lateral probably conceaJai the effect of the two assumed dis—' |
tribution profiles A Similar observation was made by Heerman and
‘ Hein (11). The triangular distribution' profiles ,were selected for fur-
ther comparative analysis because they gave a Slightly better estimate
of the actualifield application depths. I general, the»average abso—
lute deviations of the theoretical application depths for triangular

~ “distribution profiles Qerealess{

& freghently than those‘of the ellipj \
tical profiles (see table (5), (6}, (7) and (8). . |
\ ‘ Further:evaluation of the model includes the comparison of measured
application depths and those theoretically derived using the triangular
distribution profile for‘wind and no wind conditions.. Plots of the field
and simulated depths for all the tests‘carried out on the two C.P. sysj
temsare shown in-figures (16) to (26) . From figures. (16)>to (20) the
follow1ng observatiohs may be smnnarized as follows | 4
(1) There is generally good agreement between field and theoret—-
ical application depths along the lateral This is‘shown by
the approximately similar trend in the plots.
(ii) A closer agreement is obtained when the"win magnitude and
direction is considered’in the simulation model. In this 4
.cdse the model attempts to approximate the effect of the wind

in sequential time intervalk -of fifteen minutes. In scme
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cases, however) the effect of the wind is mihimal (see fig-

ure 18, 21,26). Either the effect of the wind is insignif- -

- icant or an cverallh"averaging ont“ effect occurs in tne a-

~bove cases.

Kiii) In most cases a large appllcatlon depth is noted near the
center of rotation. The application rate near the pivot
point 1s low but the time of appllcatlon is long. . As a de-
sign attempt td achleve a unlfornldepthithe time of appllca—

Fa

tion on a point decreases w1th a correspondlng increase in

in appllcatlon rate outwardly from the centre pivot.

(iv) Fluctuatlons of the measured depths along most of the lat— B

eral is evident.. These fluctuations may be attrlbuted to..

the locallzed chaotlc effect of the wind on the superlmposed*

adjacent patterns. The overlapping sprlnkler effect may:h&

magnified or greatly reduced because of a rapid change,ingf

wind direction. \y

(V) ‘A lag between the field andktneofetical depths is noticeable\
neat-the centre pivot. d Inaccurate time synchronization

in the input of the simulation model is most likely to cause

these shifts. .
y

The simulation model is best evaluated in terms of the percentage
absolute deviation (AADZ) which was conputed'earl{er from equation 37
\"sectlon 6. 4 1. On the whole, theoretlcal depths devlated approxrmately
14 percent from ‘the aétual field measurements. The spread of average
dev1atlons for the “Circle Master" C.P. System varled fnan ll to 18 per—
cent as compared to the "Valley 1160" system of 14 3 to 30‘8 percent

\

(see table 5,6,7 and 8) .  iIn general a better agreement was obtalned

81
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cor the former C.P. system as campared to the latter system. A mean devi-
ition of l4.7'percent and a standard deviation of 1.96 perc ‘'t in con-

-rast to 19.4 percent and 4.7 percent, respectively, was observed. This

lisparity may be attributed to the individual system perfornance character—

istics and statistical dlfferences probably because elght fewer tets were
;arried out on the "Valley 1160" C.P. system. When the effect of the wind:«
vas not ‘included in the model the mean absolutezdev1atlonsywere lncreased
0 17.5 percent for the "Circle Master" C.P. system compared'to"lé 4 per-
zent of the "Valley 1160" system. The influence of the w1nd is not prev-
1lent in the latter C.P. system because of the wlde fluctuations of the 7
reasured'depths along the.lateral, (see figures 25 and 26). In terms ofi
rean absolute deviation, no valid assessment of tHe theoretical values

vere possible ify this case. _— \ ,

5.4.2 Factors Affecting Model Performance

The differences in neasured appllcatlon depths and those theoretlcally

ierlved by the SLmulatlon model could be attributed to. 1naccurac1es 1n

Eleld measurenents of s1gn1f1cant paraneters and varlables, changes in sys~

o
L

tem characterlstlcs and in the assunptlons used in the mathematlcal model.
Inaccurac1es in field measurements of appllcatlon depths may be the
result of a number Jf factors that often occurred in the field. Detri-
nental factors such as the‘occurrence-of tipped receptacles under wind‘
*ondltlons the lnfluence of’surroundlng vegetatlon, malfunctlon of sprlnk—

Lers, splashlng effect of water streams emitted from leaks, and the prop—

21ling nEchanlsm (Valley 1160) often were not conpensated in thlS study

Fhe varlatlon of system dlscharge due to change in pressure as well as the -

~

intermittent change in sectlonal angular veloc1ty of the lateral, are

dam
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probabie ceuses ef‘the large fluctuation in the measured application.
depthe. Difficulty in measuring the chaotic nature of wind magnitude
and direction of the localized area is another probable reason\for
these fluctuatlons in field measured depths. The overlapplng effect of
the sprlnklers is either enhanced or reduced dependlng on the wind con-
ditions at a particular given time.

Errors in the theoretically.determined depths are the rueuit of in-

accurate input variables and the assumptions made in the model. Proper-

synchrénization of the starting and ending time of the field experiment

is necessary to determine the appropriate range of monitored wind -input
data for the simuiation model. The length of experimentai time often

was not eaSil; estimated for rain gauge monitors. In the simulation |
models, the effect of the wind is considered in sequential times of 15
minutes and the chaotic nature of the actual wind conditions were consid-
ered as a one dimensional vector. The error incurred was neceesqry be-
cause of the long computer simulation_tine of the test run as,weliJas

the limitation of wind monitoring equipment.' Therefore, the influence

‘of the localized chaotic windy condition on the epplication deptheiwas

not accurately modelled in fhe program. The rénge of particle size

estlmated using the nethod discussed in Sectlon 5. 4 Chapter 5, is only

approxlmate estimate. If the distributions of the partlcle sizes

Thé distorting,effect of the wind on the aséumed triangular and
llrpt;tal dlstrlbutlon proflles were not con81dered in the SLmulatlon,;

srnce the paftrcle 512e dlstrlbutlon pattern was not known. However,
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anuatteﬁpt‘was made to determine the point of maximum concentration
when the‘patterns were distorted (see section 6.é). This point of max-
Ajian application deptH was idealized as the origin of the distorted wetted
“-pattern.. Accurate determination of the point of'maximum concentration
made?nnder the chaotic influence of wind was not poesible; Error in
aeéuming a triangulat'or elliptical distribution p:ofile-is relatively
sﬁall (11), however, the distorting influence of the chaotic wind con-
ditions could greatly emphasize or reduce the overlapping effect of the
proflleb of adjacent sprlnkl { ‘ *\ |
) The effect of a change of*w1nd dlrectlon on the appllcatlon depth

could be theoretlcally studled by u51ng a constant wind dlrectlon rela—
tive to the/_pivot throughowt the analy51s For wind veloc1ty of 0 20,
40 nph and a change of dlrectlon of 0, 90 and 180 degrees, relative

to the pivot, the appllcatlon depths for both C.P. systems are shown

in Appendix VL;flgures V(l) to V(;), The effect of constant w1nd dlrec—'
‘tion was minimal(thfoughout for most'of the lateral. Dlsturbance-at ‘
the beglnnlng and at the end was most obvious when wind dlrectlon is at
0 degrees relatlve[to the prOt The plots for w1ndy condltlons (20,
40’mph) as listed in figures V(l) and V(4), showed a shift of the curves

towards the centre of the pivot. For a wind direction 180 degrees rel-

ative to the pivot the opposite effect was observed (see figures V

(3)
and V en intermediate response of these two extremes was observed ;i
.~for a wind dlrectlon of 90 degrees in the flgures v and Vv " The

(L) (5)°
"effect of change in wind veloc1ty was insignificant lngthe application

depths for constant wind direction.h It may be noted that the effect
of chaotically changingtwind direction has a greater overall effect on

the distribution' of the.applicationfdepths along the lateral than -

—



the magnitude of wind.

- .
~ oy .

6.4.3 Coefficient of Uniformity . : ) -\‘

Christiansen's coefficient of uniformity was ufed to evaluate the’

-

performance of tne C.P. systems. ‘A-similar weightedﬂcoefficient of -
uniformity sugygested by Heerman and'Hein (11) is also included in this
anaiysis to give more weight to the application depths further from
the prOt where the area of lnfluence is anreasrngly larger.
Conparlson of the freld and nodel srmulated coeff1c1ents for both
weighted and non~-weighted values_are shown in tables 5,6,7 and 8. The
‘uniformity coefficients in this table were calculated by excluding‘the.
| area at the outer~radius whefre the-large nozzle (end qgun) sprinklers
are located The deviation of the Hean of the sprinkler system is af;

fected by a large area at the end guns and reduces the coeff1c1ent ac-
| |

LRSS SR

.ular—and elllptlca} distribution did not differ greatly (see table 9). (
As discussed earlier (see section 6;4;l)ktne overkapping effect of
closely spaced adjacent sprinklers for the two aSSumed distributions
cave only small drfferences. Inﬁceneral, however,/the tneoretical sim—
ulated coefficients werebhigher than those neasdred. Tnisjr;.evident
becaLtlse of the wide fluctuations in field meas&red depths and the in-
itial larger response close to the pivot. Closer agreements were Ob—
Ltained for the measured weighted coefficients andlthose simnlated.in‘the

)

’nodel as a standard deviation of 1. 26 compared to 1.56 was noted in the
~above case. The accuracy of the srmulatlon model cannot be deflnrtley
assessed 1rrespect1ve of the reasonable agreements of the theoretlcal .
» computed and measured coeff1c1ents - The coeff1c1ePt of the unlformlty 1s'

only a performance paranetef of the apg}}catlon depths along the lat-
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Y' ) . . N ”n ' - ) . }‘
e_rél. The varlatlon of appllcat_lon depths at any ‘given point bé‘neath

the lateral cannot .be fully accounted for w%thout J.rrposﬁ ‘an averaging

eff’ect The effect of wind COI‘ldlthﬂS on the coefficient of mufomt>\\ '

is theoretlcally predlcted ln i:able 10 and 11. 1In thlS analysis the wind:

direction was held oonétant ls &‘n a direction relative to thé centre
pivot. At 0 degree direction where the line of measurement is directly

oppdsite to the wind a noticeable retuction in uniformity coefficiént

/occurs The extrene dlstortlon of the overlapping dlstrlbutlon patterns

)

in this. dJ.rectlon accounts for the lower coeff1c1ents E‘rom tables 9\

_ and lO the coeff1c1ents obtained under the range of wind magmtude and

digection are w1thln the acceptable 80\to 90 percent de51gn requlrenents

' _6\4 4-C. P Field Performance Analy31s -

t . ‘. ) I - ’
oh | N

A surrmary of. the fleld measurements that were conducted (as dlS- :
cussed. %ectlon 5. l to 5 4 Chapter 5) are shown in table 12 and:)lB T"he

\ average appJ_Lcatlon and coeff1c1ents of unlformlty were oonp ted for the i

varidus ‘test runs in each C P system In each C P. sys

{ Std. pev. of ‘app'roxjmat'ely 1.1) cir eac selected Speed of

lateral .rotation. Although a .‘;rlde range of wind \{eloc1t1es were meas- U
ured the average wind directions that were recorded dld not indicate )
the actual fluctuations recorded durlng the experlmental test perlod

 The possibili ty of determining the performance of the two C P

'systems in relation to the varymg env:Lronmental parameters frOm the

results shown in table 12 and 13 was restrlcbed The avallabfe meas— ‘ : /

/ o
urements of average wind dlrectlons and velocities in tables 12 and 13 - - -
‘cannot be related to the determlned appllcatlon depths and ooéff1c1 )

of unlformlty because of long experunental runs .of appro in

[N
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TABLE 10. PREDICTED COEFFICIENTS OF.UNIFORMITY FOR THE "CIRCLE MASTER" !
AB] . TS 3

SYSTEM.
) - )
Triangular Elliptic
" Distribution Distribytion
Wind Wind Pattern . Pattern
Veloc1ty | Direction Cu. - Cu. < Ca. ; o
(Wt. )" (N.Wt. ) (WE.) (N.Wt.)
m.p.h. o g . o I 3
0 | 95.82 95.00 94.86 93.33
v 0 . 87.30 . 92.05 = 86.91 91.76
: \ e
-0 90 . 95.56 - 91.72 94.85 90.89
- 180 __96.02 89.88 95.72 . 89.49
) 74.5 - 85.93 74.14 . 85.90
40 - 90 '89.35 . €81.25 . 89.80 81.40
180" 93.46.- .07 93.37 - 81.28

TABLE 11. PREDICTED OQEFFICIENTS OF UNIFORMITY FOR THE VA%IE% 1l60"

SYSTEM.
\ { Triangular ‘ _-Elliptical
| Distribution - Distribution
o ) Pattern \ Pattern
| ‘wind Wind | T v
Velocity = Direction | cu. ¢ cu S Cu.s - ocu.
ST T COWE)) (NLWEL) (Wt.) (N.WE.)
- “fm.p.hu SRR E: % % 8
0 - o 9596 ' 93.73 9541 93.59
o0 o140 93.81  90.81 93.30
200 . 9009562 . 9254 94.29 - 91.42
180 9654 L89B . 94.50 ~ . .89.03
0 78.93 % 88.58 . . 79,56 .. 88.60. |
-1 400 : 95.30.  86.82  '93.56° . _ 86.07.
-o0 . 95,76 83.25 94.00 183.32
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measured field datqg%however, provided e

hours involved in'each test. Th

a guide in'the development of the C.P. simmlation ﬁodeli, T
o o

1 o>



GUAPTER VEI
N SUMMARY AND CONCLUSIONS | = [
The maln objectlve of this study was to evaluate the- perfornance

\ .

of two gghtre PlVOt lrrlgatlon systems operatlng under local cllnatlc

( condltions A mathematical model was de\‘Iéped SLmulate the dynamlc :

operatlon of a C.P. system The srmulatlon model could*then be - ‘used as*”,:

- tool to determine- the system performaTce under actual w1ndy condltlons

In the first part of the model the dy?amlcs of water droplets in \{',

flight were formulated as second order differential equatlons to deter-

mine the baslc wetted patterns The required 1nput 1nformatlon such as '1

-_he range of droplet partlcle sxze and initial particle veloc;tles were
5[

obtalned from experlmental analyses and the manufacturer s sprlnkler '

! o

spec1f1catlon, respectlvely Ba51c J_nformatlon on wind dlrectlon and

i

~

magnltude in discrete tlme 1ntervals of 15 minutes were con51dered in th%,nb‘

analy51s to study the dlstortlon of the wetted patterns and th overlap—,

<’p1ng'effect of the adgacent sprinklers’ ‘The wetted patte of sprink-

lers for no vf"\Xgmriltlon is degerlbed by an equatlon of a circle. Un-
‘der wrndy conditions, however, the wetted pattern is approxrmated by f

curve flttlng u51ng two overlapplng elllpses with common mlnor ax1s

The p01nt of max1mum centratlon in 1S case 1s dlstorted a dlstance ‘,
| %) €

¢

(c )\from the origin (i.e.} the;sprlnkler S. locatlon) . ; :

' - Triangular and.elllptlcalvcrOSS—sectlonal dlstrlbutlon proflles

by o {,f

B
were assumed to repreéent the extrenes for 1nd1v1dual sprlnkler patterns.\

Interpolatlon technlques were used to determlne the desired wetted pat—
terns from those derived from closely- related lnltlal condltlons ?'

This was necessary because of the ly- long conputer SLmulatron_

time required to compute the actual wetted patterns from the droplet

s(

} YN

"‘le 92 ‘»/



o ) ,
trajectories, ‘ , - '
The second part of the model involved the simulation of the oper-

ating C.P. system in relation to- the rows of measuring receptacles used

-

+in field neasureneﬁfs Actual Simulation of the Tmoving wetted patterns
- for the rotating sprinklers were developed for % degree incremental ang—
“ular change of the lateral. Actual wind informaticn monitored during
/;he testing period were-modelled in’ the program to assessathe perform—
ance of the Sinmlation nodel in terms of application depths and the co-

fefficient of uniformity

1

. From the development of the performance from - available experinental
data the follow1nq concluSions were drawn: _
1. . jwetted‘patterns of a-rotating sprinkler on a moving C.P. system

. can be defined from the equation of motion of sprinkler droplets

emitt%d ‘ : ‘ ‘
2 The distorted wetted patterns (under windypcpnditions) can be ap-
. _J proximated using the equations of two ellipses having a common

minor axis. _The point of maximum concentratiOn of particles in
“this case is abfunction of _the magnitude and direction_of;the\
& wind. |
3. x The range of particle Sizes that was obtained.experinentally for..
use in the similation model was an apprOXination For greater
preCision in the application of the simulation model ﬂore‘acCUr—

\

ate'teehnigUES are, suggested The differences between the ac-

£}

“tual wetted patterns and those' Sinmlated are most likely greatly
affected by the discrepancies in the selection ofiappropriate oo
&

particle sizes._ Range of particle .size is the Significant cri-

teria in determining boundaries of the wetted patterns
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. The interpolation‘techﬁiques used such as bi-cubic spline were

- valid in deternunlng the deSLred wetted patterns for the purpose
of reducing the extremely long conputlng time. Correlatlon co—
‘efficients of 0.98 were obtained for interpolated and SLmulated
parameters deszribing the wetted patterns. ’
Comparisons of ekperimental and simulated applicat;on depths for:
most test runs gave good agreement. A deviation of approxrmately 14
perceny of the simulated , compared to that of measured, was ob-

served. Wider fluctuations occurred in the field. This is attrib-.

uted to the chaotic nature of the wind and discrepancies in field

measurement techniques. Howevgr, a reasonably similar trend was.

obtained in the .plot of icatioﬁ depths simulated by the com=
puter'
Trlangular and elllptlcal distribution proflles that were assumed .
1n the simulation model did not differ under nost conditions test—
ed. In general howevér, the trlanguiar dlstrfbutlon profile

- gave sllghtly better agreement with the actual distrlbutlon profile.
Time synchronization of the experimental process and accuracy in
recording measurements of 1nfluenc1ng env1ronnental para;eters
‘(such as wind veloc1ty and direction) is required to improve‘the
accuracy of the;nodel so that the wide fluctuations in the.field_
are accounted for. The sinmlatioﬁ model can then be accuratelyb'

_validated. s | L

;.The two Cﬁristiansen coeff1c1ents of unlfornuty used in thlS
study gave only a satlsfactory measure of unléormlty A better
agreement is Obtained when- the unlformlty is evaluated u51na

the weighted coefficient. 1In general, although wide fluctuat%On ,



«

; &

in application depths occurred under the experimental conditions ,

the coefficients of uniformit; derived fell within the higher lim-
its of acceptance " The overlapplng effect of the closely spaced
adjacent sprlnklers is most probably resp081ble for such values

of cafff1c1ent of unlformlty -1y ',) |
As a result of a number of field experlmental errors in-the

measurements of application depths, env1ronmental parameters and

, long experlnental test tlHES no valid relatlonshlps can be made -
_ between’ the»coeff1c1ent of unlformlty and the variation ‘in the

(33 .
~environmental factors that occurred during the‘experinent

The 51mulatlon model provided a method for . studylng the" effect of

w1nd magnltude and dlrectlon which was a contlnuous Phenomenan

- throughout the experlmental period. With proper validation of

the simulation model, further improvement in design‘criteria for
. , .
C.P. sprinkler irrigation systems can be made. For example, the

optimum spac1ng of sprlnklers, sprlnkler type, and size of the |

nozzles for a glven set of known system characterlstlcs can be

theoretlcally determined.

.



CHAPTER VIII

SUGGESTIONS FOR FURTHER STUDY ‘ ol

Further research orlented toward 1nprov1ng the accuracy and the

eff1c1ency of the SLmulated model should con51der the following areas

of work.,
1. , More ac e deterndnation of‘the sprinkler droplet sizes.
2.

of the sprlnkler dlstrlbutlon patterns entlrely on
the bas1™® of droplet size dlstrlbutlon within the sprlnkler
wﬁkted patterns ‘ | ,\‘\,

3. Inplenentlng losses due to evaporation and wind drift‘into the
| equations of motion. 7 _ ‘J | d); ‘f;)‘

4. Elimination of the 1nterpolatlon procedures used in the nodel

5. .. Validation.of the 51mulated model based flrstly on experlnental

resedrch in the laboratory under controlled cllmatlc conditions

-

. and secondly under actual field condltlons

96
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Read wetted
patterns,
system
- para.

Do linear

| Interpolation

..'

N
L47Continue w———
v

INC=0

INC=ICN + 1
=THE - 0.%

AI=AL + 0.5

<

Input variables defining
basic wetted patterns and
system specifications.

Input position Sf the lateral,
direction of wind, wind velocity,
nunber of '%° increments of
lateral rotation. «

Do-for each sprinkler.

LN
Do two dimensional
interpolation.
" If wind velocity greater
than zero, do linear '
interpolati n.
e o

- Set counter to.zero._

Count no.- of %°incr. of lat. rota.

Ge z2rate position of lateral.
ne rate constant wind direction
r given no. of % increments’.
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APPENDIX II. CONTINUED Ty

I

g0m©éie Compute appllcatlon rates and appli-’
TL?%,TLéi " cation depth for each point of the
. ’ first row.* : AT
gggpgfg Compute application rates and appli-
’ 5 ‘cation depths -for each p01nt of the
TLT2, TLE2 ' second row.* ‘ '

Compute appllcatlon rates and appli-
cation depths for each point of the
third row.* _—

t, ! ) ~

\

G,
”\'s

})\

I ) ‘ a

Write application depths for each
of the three rows.




A

Calulate | ‘ “Calculate |
i Y Y IS |
Qp X - o AP
' N
Calculate
TR, EL
TR, EL

La

‘ Could™~_
other Y

sprinklers k
affect”™ v
D ' .

S~

3:1 Dd1for,each'

point (P).

Do forveaéh
sprinkler (Q).

N

Consider:

- Circular patterns (W=0)

Or-Ellip. patterns (W=0) .

Compute distanee from
- point .of max. appl. rate
(Q or A) to point under
- consideration’ (P)-and ™
to point on bndry.

(Z)}f71 
 Search if pt. (P) is. .

within the wetted pattern. . o

. Compute appl. rate and

rartial appl. depth for
triang. and ellipt. distr.

Search if any other
wetted pattern encloses

W

Search %f any other
point (P) receives -

water application

~

Coméute total appl.

ry

L

depth for each point (P). -
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APPENDIX IV
This appendlx contalns figures rv(l) to figures 1V

(11)” .
sbowlng the comparlson of fleld and 51mulated application depths

»

for the "Clrcle Master" and "Valley 1160" C.p. systems
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APPENDIX V

This appendi¥ contains figures V(l)to V(G)' showing the

distribution of application depths for the "€ircle Master" and

a >

"Valley 1160" C.P. systems.
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