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Asimulated model oftwo center pivot (C.P.) sprinkler irrigation systems (Circle Master and Valley 1160), operating under
local climatic conditions, was developed to examine theeffect ofwind ontheuniformity ofwater distribution andtoevaluate the
systems' performance under actual windy conditions. The uniformity coefficients were affected by both thewind velocity and
wind direction. However, the effect ofwind direction was more pronounced. Performance oftheC.P. systems was determined
from field measured application depths aswell as those simulated bythemodel. Ingeneral thefield coefficients were lower than
the simulated coefficients but both the field and thesimulated coefficients were within the acceptable level of 80-90%.

INTRODUCTION

Center pivot (C.P.) irrigation is presently
an increasingly popular method of irrigating
large agricultural areas. By definition, a C.P.
system consists of a lateral line of sprinklers
continuously rotating around a center-pivot
point. Water under pressure is supplied to
the lateral at the pivot. The lateral is
supported by a number of self-propelled
towers, each having a driving mechanism
utilizing wheels or tracks. The adjustable
speed of travel allows the application of 10 -
100 mm of water per revolution.

The important features of a well designed
C.P. system, as recognized by the American
Society of Agricultural Engineers (1978) are:
the capacity to meet the peak moisture
demand of the crops irrigated, to replace
moisture in the soil profile frequently
enough to maintain conditions for optimum
plant growth, and to refill the soil moisture
reservoir uniformly.

The first two features are directly related
to the soil type, the crop grown and the area
to be irrigated. The usual approach to
achieving relatively uniform water
distribution is to increase the discharge from
the first to the last sprinkler; that is, by
increasing the application rates in
proportion to an increasing area irrigated by
individual sprinklers. Previous research
(Bittinger and Longenbaugh 1962) has
indicated that the theoretical uniformity
varies from the actual field uniformity.
Large uniformity deviations are the result of
inadequate sprinkler systems design and
external factors, mainly the wind. The effect
of wind on the distribution from stationary
sprinkler systems has been documented
(Korven 1952). However, the distribution
from C.P. systems as affected by wind has
not been examined to any great extent.

This study is an attempt to analyze
experimentally and theoretically the
interrelationships between wind, sprinkler
patterns and uniformity of water
distribution and to provide a model for
predicting the application depths from C.P.
systems under windy conditions.

MODEL DEVELOPMENT

The model simulating the C.P. irrigation
system (Horvath 1979) consisted of two
separate parts. In the first part the dynamics
of water droplets in flight were formulated
as second-order differential equations to
determine the basic wetted patterns. The
required input information such as the range
of droplet particle size and initial particle
velocities were obtained from experimental
analyses and the manufacturer's sprinkler
specification, respectively. Basic informa
tion on wind direction and magnitude in
discrete time intervals of 15 min were con

sidered in the analysis to study the distortion
of the wetted patterns and the overlapping
effect of the adjacent sprinklers. The wetted
pattern of sprinkler for the no-wind condi
tion was described by the equation of a circle.
Under windy conditions, however, the
wetted pattern was approximated by curve
fitting using two overlapping ellipses with a
common minor axis.

Triangular and elliptical cross-sectional
J distribution profiles were assumed to

represent the extremes for individual
sprinkler patterns. Interpolation techniques
were used to determine the desired wetted

patterns from those derived from closely
related initial conditions. This was necessary
because of the extremely long computer
simulation time required to compute the
actual wetted patterns from the droplet
trajectories.

The second part of the model involved
the simulation of the operating C.P.
system in relation to the rows of measuring
receptacles used in the field measurements.
Actual simulation of the moving wetted
patterns for the rotating sprinklers were
developed for each one-half degree
incremental angular change of the lateral.
Actual wind information monitored during
the testing period was modelled in the
program to assess the performance of the
simulation model in terms of application
depths and the coefficients of uniformity.
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MATERIALS AND METHODS

Two different C.P. sprinkler irrigation
systems were selected for evaluation of their
relative performance. Both C.P. systems
were located on sites that were free of wind
barriers so that the microclimate
represented the typical climatic conditions
of southern Alberta. Perennial forage crops
with rapid growth rates such as alfalfa and
grass were grown on the sites. The frequent
harvest of these crops permitted repeat
measurement of application depths without
crop interference.

Application depths for the C.P. systems
were measured using the traditional
measuring cans set out along a radial path
beginning at the pivot with a convenient
spacing (Ring 1976). As the prevailing wind
directions in southern Alberta are west and

southwest, the rows of measuring cans on
both sites were placed in the directions
shown (Fig. la, b) in order that the varied
effect of the wind direction relative to the

lateral could be readily investigated.
During the experimental periods,

meteorological data were recorded
continuously at a station installed at the site
sufficiently distanced away from the effect of
the sprinklers. The amount of precipitation
and evaporation were measured using a set
of control receptacles.

Measurements of application depths for
both C.P. systems were made for two
rotational speeds of travel during periods of
varied weather conditions. After the lateral

made a complete pass over a row of
measuring cans, the volume of water
collected in each can was measured using a
graduated cylinder and converted to an
application rate. When depth measurements
were delayed, the necessary corrections were
made for either evaporation losses or gains
due to precipitation. The loss or gain was
estimated from the change in volume of the
control cans.

The variations in wind velocities and

wind direction were recorded continuously
throughout the test periods. Since it was not
possible to determine the application rates
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measured at each individual can in the row
during a complete pass of the lateral, the
effects of wind on each sprinkler could not be
fully evaluated. Therefore, a mean wind
velocity and direction was used to relate the
wind effects to the uniformity distribution of
the sprinklers. This mean velocity and
direction was derived as an average of the
values recorded for every 15-min time
interval throughout the duration of a single
lateral pass.

Wind velocities and directions were

required as input variables in the C.P.
performance model (Horvath 1979).
Because of the lengthy time taken for a
lateral to make a complete pass across the
rows of measuring cans (approximately 14h
for one-quarter revolution), simulation of
each change of the continuously fluctuating
wind conditions was not feasible. For this
reason, an approximate time interval of 15
min was specified during which a
representative average wind velocity and
direction was computed for each interval
throughout the experimental period. The
time interval was adjusted to ensure an
integer number of one-half degree
increments of lateral rotation. This was
necessary to facilitate the iterative
computation in the main program.

A range of particle sizes and initial
velocities of the droplets emitted by the
sprinklers was required as input variables in
the simulation of predicted wetted patterns.
A sufficient number of stain samples (Hall
1970) were obtained from field tests for all
sprinklers to permit the determination of a
range of particle sizes. The average sizes
measured in the field were, therefore,
assumed to fall within this range. The range
of initial velocities, for a given discharge and
nozzle size, was determined from the
manufacturer's specifications of the
individual sprinklers.

CENTER PIVOT PERFORMANCE

ANALYSIS

In evaluating the performance of the
simulation model, 11 comparisons of
simulated and field data were available for

the two C.P. systems. The effect of wind was
incorporated in the model as a vector for a
15-min sequential interval. Triangular and
elliptical distribution profiles were used to
represent the actual case. Evaluation of the
model involved the comparison of the
application depths and the coefficients of
uniformity.

Comparison of Field and Simulated
Application Depths

Field application depths were measured
in catch containers spaced 6 m apart and
extending radially outward from the center
pivot (Fig. la, b). The individual sprinkler
wetted patterns, the angular velocity of the
lateral, and the wind characteristics were
measured and input in the model to allow a
direct comparison of field and theoretical
simulated depths. Attempts to use a
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Figure 1. (Above) Schematic of experimental field layout at site 1. (Cranford, Alberta). (Below)
Schematic of experimental field layout at site 2. (Granum, Alberta).

statistical test for comparison to a standard
or control set of field measured application
depths were not possible because of the
chaotic nature of the influencing
environmental factors. The disparity
between the measured and simulated depths
can be expressed in terms of the absolute
deviation (AADI) and the percentage
absolute deviation (A A D2) computed by the
following relations:

AADI =

AAD2-

where

Of =

S|o(0-r(0|
N

(1)

oul
N

individual

depths

x 100 (2)

measured application

Tj = individual simulated application
depths

N = number of sets of measurements used

in the comparison
The theoretical application depths were

determined for both triangular and elliptical
distribution patterns and plotted against the
field measurements. Only small differences
were observed. The close spacings of the
adjacent sprinklers along the lateral
probably concealed the effect of the two
assumed distribution patterns. A similar
observation was made by Heermann and
Hein (1968). In general, the absolute
deviations of the theoretical application
depths for the triangular distribution
profiles were less more frequently than those
of the elliptical profiles (see Table I and II).

As the triangular distribution profiles
gave a slightly better estimate of the actual
field application depths, these were selected
for further evaluation of the model. A
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Figure 2. Comparison of field and simulated application depths. Circle Master C.P. System. Test7,
row 2.
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Figure 3. Comparison of field and simulated application depths. Valley 1160C.P. System. Test 2, row
2.

comparison was made of the measured
depths and those theoretically derived, using
the triangular distribution profile, for wind
and no-wind conditions. Plots were made of

the field and simulated depths for all tests
carried out on the two C.P. systems. Only 2
of the 11 plots are presented (Figs. 2 and 3).

Some observations were made from these

plottings. There was generally good
agreement between field and theoretical
application depths as shown by the
approximately similar trends in the plots. A
closer agreement was obtained when the
magnitude and direction of the wind were
considered in the simulation model.

However, in some cases where the effect of
the wind was minimal, either the effect was
insignificant or an overall "averaging out"
occurred. In most tests, a large application

depth was noted near the center of rotation.
The application rate near the pivot point was
low but the time of application was long. As
a design attempt to achieve a uniform depth,
the time of application at a point decreases
with a corresponding increase in application
rate outward from the center pivot.
Fluctuations of measured depths along most
of the lateral length was evident. These
fluctuations can be attributed to the
localized chaotic effect of the wind on the
superimposed adjacent patterns. The
overlapping sprinkler effect may be
magnified or greatly reduced because of a
rapid change in wind direction. A lag
between the field and theoretical depths was
noticeable near the center pivot point.
Inaccurate time synchronization in the input
of the simulation model was most likely the
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cause of these shifts.

The simulation model can be best
evaluated in terms of the percentage
absolute deviation (AAD2). On the whole,
the theoretical depths deviated
approximately 14% from the actual field
measurements. The spread of the average
deviations for the Circle Master C.P. system
varied from 11 to 18% as compared to the
Valley 1160 system which varied from 14 to
30%. A mean deviation of 15% and a
standard deviation of 2% was observed for
the Circle Master system. For the Valley
1160 system, the mean deviation was 19%
and the standard deviation was 5%. This
disparity may be attributed to the individual
system performance characteristics and
probably statistical differences as eight
fewer tests were carried out on the Valley
1160 C.P. system.

When the effect of wind was not included

in the model the mean absolute deviations

were increased to 18% for the Circle Master
system compared to 19% for the Valley 1160
system. The influence of wind was not
prevalent in the latter C.P. system because of
the wide fluctuations of the measured depths
along the lateral. In terms of the mean
absolute deviation, no valid assessment of
the theoretical values was possible in this
case.

Coefficient of Uniformity
Christiansen's (1942) coefficient of

uniformity was used to evaluate the
performance of the C.P. systems. A similar
weighted coefficient of uniformity suggested
by Heermann and Hein (1968) was also
included in the analysis to give more weight
to the application depths further from the
pivot where the area of influence was
increasingly larger.

A comparison of the field and model
simulated coefficients for both weighted and
non-weighted values are presented (Tables I
and II). The uniformity coefficients were
calculated by excluding the area at the outer
radius where the larger nozzle (end gun)
sprinklers are located. The deviation of the
mean would be affected by the large area at
the end guns and would reduce the
coefficient accordingly.

The coefficients of uniformity
determined for both triangular and elliptical
distribution profiles did not differ greatly
(Table III). As mentioned earlier, the
overlapping effect of the closely spaced
adjacent sprinklers for the two assumed
distributions gave only small differences. In
general, however, the theoretical simulated
coefficients were higher than those
measured. This was evident from the wide
fluctuations in the field measured depths
and the initial larger response close to the
pivot.

Closer agreements were obtained for the
measured weighted coefficients and those
simulated in the model as a standard
deviation of 1.26 compared to 1.56 was
noted. However, the accuracy of the
simulation cannot be definitely assessed
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TABLE I. EVALUATION OF THE MODEL SIMULATING THE PERFORMANCE OF THE CIRCLE MASTER C.P, SYSTEM

Simulated data (with wind)

Test no. 7

Row avg.

Test no. 8

Row avg.

Test no. 9

Row avg.

Test no. 10

Row avg.

Test no. 11

Row avg.

Test no. 12

Row avg.

Test no. 13

Row avg.

Test no. 14

Row avg.

Field data

Avg
depth CUt
(wtd.) CUT (wtd.)
(mm) (%) (%)

16.5 85.3 93.2

17.3 88.0 92.1

16.7 87.4 93.0

18.3 90.5 92.7

21.8 88.1 92.2

19.8 88.6 90.5

20.6 88.6 94.4

23.9 89.8 93.9

]Cu Christiansen's coefficient of uniformity.
%Cu (wtd.) Heermann and Hein weighted coefficient.

Triangular distribution

Avg.
depth CU
(wtd.) AADI AAD2 CU (wtd.)
(mm) (mm) (%) (%) (%)

16.0 1.52 14.0 90.9 96.1

15.5 1.78 11.4 93.1 96.4

15.2 2.29 15.1 94.4 96.1

18.3 1.78 11.2 94.9 95.1

21.3 2.29 9.1 92.4 93.9

18.8 3.05 13.3 95.4 95.7

20.1 2.29 9.2 95.1 95.7

22.9 2.29 8.9 93.1 94.4

Elliptical distribution

Avg.
depth CU
(wtd.) AADI AAD2 CU (wtd.)
(mm) (mm) (%) (%) (%)

16.0 1.52 12.9 90.5 95.7

15.5 1.78 11.9 93.1 96.1

15.2 2.29 15.6 94.0 94.6

18.3 1.78 11.8 94.3 94.5

18.5 2.54 9.8 92.3 93.5

18.8 3.05 13.1 94.9 95.2

19.8 2.29 9.5 94.0 95.2

22.3 2.54 10.0 92.2 93.7

TABLE IL EVALUATION OF THE MODEL SIMULATING THE PERFORMANCE OF THE "VALLEY 1160" C.P. SYSTEM

Test no. 2

Row avg.

Test no. 3

Row avg.

Test no. 6

Row avg.

Simulated data (with wind)

Field data Triangular distribution Elliptical distribution

Avg. Avg. Avg.
depth CUJ depth CU depth CU
(wtd.) CUt (wtd) (wtd.) AADI AAD2 CU (wtd.) (wtd.) AADI AAD2 CU (wtd)
(mm) (%) (%) (mm) (mm) (%) (%) (%) (mm) (mm) (%) (%) (%)

24.6 88.6 92.1

28.2 86.9 92.6

22.6 87.9 91.2

26.2 2.79 13.0 94.0 95.1

27.4 2.79 12.7 91.8 96.2

26.9 4.06 22.1 94.9 96.2

25.4 2.79 14.1 93.6 94.4

27.4 2.79 13.4 91.8 96.1

26.4 3.81 22.6 94.4 95.8

fCU, Christiansen's coefficient of uniformity.
JCU (wtd.), Heermann and Hein weighted coefficient.

irrespective of the reasonable agreements of
the measured and theoretical computed
coefficients. The coefficient of uniformity is
only a performance parameter of the
application depths along the lateral and any
variation of application depths at any given
point beneath the lateral cannot be
accounted for without imposing an
averaging effect.

The effect of wind conditions on the

coefficients of uniformity was theoretically
predicted (Tables IV and V). In this analysis,
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the wind direction was held constant in a
direction relative to the center pivot. At 0°
direction, where the line of measurement is
directly opposite to the wind, a noticeable
reduction in the coefficient of uniformity
occurred. The extreme distortion of the
overlapping distribution patterns in this
direction accounts for the lower coefficients.

Although the coefficients of uniformity
were affected by both the wind velocity and
wind direction, the effect of wind direction
was more pronounced. For example, for a

wind velocity of 32 km/h and 0° direction,
the coefficients of uniformity were 87.3 and
91.4% for the Circle Master and the Valley
1160 systems, respectively. For the same
wind velocity and 180° direction, the
uniformity improved as the coefficients were
96.0 and 96.5% for the former and latter
C.P. systems, respectively. Generally, the
coefficients of uniformity obtained under
the ranges of wind magnitude and direction
(Tables IV and V)were within the acceptable
80 - 90% design requirements.
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TABLE III. MEAN COEFFICIENT OF UNIFORMITY

Field distribution

Theoretical distribution (simulated)

Triangular pattern Elliptical pattern

C.P. system
cut

(%)

CU (wtd.)J
(%)

CU

(%)

CU (wtd.)

(%)

CU

(%)

CU (wtd.)

Circle Master

Valley 1160

86.9

86.1

91.3

90.2

92.6

92.9

94.6

95.1

92.2

93.0

94.1

94.6

tCU, Christiansen's coefficient of uniformity.
tCU (wtd.), Heerman and Hein weighted coefficient.

TABLE IV. PREDICTED COEFFICIENTS OF UNIFORMITY FOR THE CIRCLE MASTER

SYSTEM

Triangular Elliptical
distribution distribution

Wind

pattern pattern

Wind CU CU

velocity direction CU (wtd.)t CU (wtd.)

(km/h) (degrees) (%) (%) (%) (%)

0 95.0 95.8 93.3 94.8

0 92.0 87.3 91.7 86.9

90 91.7 95.5 90.9 94.8

32 180 89.9 96.0 89.5 95.7

0 85.9 74.5 85.9 74.1

90 81.2 89.3 81.4 89.8

64 180 82.1 93.4 81.3 93.4

TABLE V. PREDICTED COEFFICIENTS OF UNIFORMITY FOR THE VALLEY
SYSTEM

1160

Triangular
distribution

Elliptical
distribution

Wind

direction

(degrees)

pattern pattern

Wind

velocity
(km/h)

CU

(%)

CU

(wtd.)t
(%)

CU

(%)

CU

(wtd.)

(%)

0 93.7 95.9 93.6 95.3

32

0

90

180

93.8

92.5

89.2

91.4

95.6

96.5

93.3

91.4

89.0

90.8

94.3

94.5

64

0

90

180

88.6

86.8

83.2

78.9

95.3

95.7

88.6

86.1

83.3

79.5

93.5

94.0

SUMMARY AND CONCLUSIONS

The main objective of this study was to
evaluate the performance of two C.P.
sprinkler irrigationsystems operating under
local climatic conditions in southern
Alberta. A model was developed to simulate
the dynamicoperation of a C.P. system.The

simulation model then was used as a tool to
determine the system performance under
actual windy conditions.

Performance was evaluated by a direct
comparison of field and theoretical
simulated application depths and by
comparison of the measured and simulated
coefficients of uniformity. On the whole, the
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theoretical depths deviated approximately
14% from the field measurements. The
spread of the average deviations varied from
11 to 18% and from 14 to 30% for the Circle
Master and the Valley 1160, respectively.
Where the effect of wind was not included in
the model, the mean absolute deviations
were increased to 17.5% for the Circle
Master system as compared to 19.4% for the
Valley 1160 system.

Close agreements were obtained between
the measured weighted coefficients of
uniformity and those simulated in the model
(a maximum deviation of approximately
6%). The spread of the weighted field
coefficients varied from 87.6 to 93.6% for the
Circle Master system and from 88.4 to 92.6%
for the Valley 1160 system. The weighted
simulated coefficients varied from 91.8 to

96.1 % for the Circle Master system and from
93.4 to 96.1% for the Valley 1160 system. In
general, the field coefficients were lower
than the simulated coefficients but both

were within the acceptable level of 80 - 90%.
The simulation model provided a method

for studying the effect of wind magnitude
and direction. Wind was a continuous
phenomenon throughout the experimental
period. With further validation of the
model, improvement in design criteria for
C.P. sprinkler irrigation systemsis possible.
For example, the optimum spacing of
sprinklers, sprinkler type, and sizeof nozzles
for a given set of known system character
istics may be theoretically determined.
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