Performance Characteristics of Self-Propelled Center-
Pivotr Sprinkler Irrigation System

rl"lll“, increased emphasis on labor re-
duction in agricultore has inereased
the demand for

gation

virious automatic irri-
Sprinkler manufactur-
ers have developed equipment  with
varying degrees of aulomation, A re-
cent innovition is the center-pivot sys-
tem L'm't‘ring about one-quarter seclion
of land,

systems.,

The elfectiveness of Lthis equipment
can be evaluated using established
goidelines such as the ASALE recom-
mendations (1} covering minimum re-
uirements for the desizn, installation
ae] performance of sprinkler irrigation
equipment. One ol these recommenitda-
lions specifies that the application rate
should not cause runoff to ocenr during
the mormal operation of the sprinkler
svstem. & second is that a uniform dis-
tribution of deptl of application be
achicved,  For practical purposes this
is done by limiting the pressure drop
on a kiteral to 20 percent of the higher
pressure. An excessive pressure differ-
ence would eause considerable nonuni-
furmil}f in waler ;tpplit'uliun with a con-
venlional system.  However, the uni-
formity of application depth with the
cvnlcwl)i\'ni irrigation svstem is not o
function of pressure distribution only,
Init is regulated by increasing the sprin-
kler size and dischs wge plulmll\mml( vy
to the increase in areu as the radial dis-
tance from the pivol increases.

The objectives of this study were o
formudate and solve nudhematieal ex-
pressions for the application depths and
rates from a self-propelled, center-pivot
spriokler irrigation system and to com-
pare the theoretical distribation of ap-
phication depths with actoal field dis-
lribution measuremwents on bwo  difter-
ent installitions. A Fortran 17 progrim
wits written for the 1620 IBXM comn-
puter to eviluate the application depths
anel rites,
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DESCRIPTION OF SysTEM

The type of svstem studied consists
ol a line of sprinklers supparted on
wheels which rotate continnously ahout
a center-pivol point. The line is ap-
proximately 1,300 {t in length aud ir-
rigules :q)pm.\'inl:lla‘]y 133 acres in one
revolution,  The two installations util-
ized for comparissn of theoretical dis-
tribution with ficld measurements had
approximate capacities of GO and 930
gpn,

Svanpors axn Disvexsions

p. o point on the field simface under
investigation (dimensionless)

A, rate of application on point p from
one sprinkler (LT}

fr, rate of .l[)l]ll( wiom ot center of
sprinkler pattern (L/T)

r. radiug of sprivkler patteru (L)

D, total depth of application on point
p due to complete puss of a single
sprinkler (1.)

AL rate of application from a sprin-
kler systent at o distance, S, From
the cenler of rotation (FT)

Do, total depth o application from
a sprinkler svstem at a dislance,
S, from the center of rotation (1.}

T, time required for one-lall a single
sprinkler paltern to pass point p
(T

. angular velocity of sprinkler Tat-
eral {(radinns/T)

S, distance from coenter of rotation to
point p (L)

R, distance {rom center
to sprinkler (L)

n, ratia of radius of rotation to pal-

tern radins, R/r (L/1)

ratio of distance from sprinkler
to point p, measured along sprin-
kler line to pattern radins, (8 —

R)/r (L/1)

e, angle of rolation about pivot (ra-
dians)

of rotition

m,

{val. 11, no.

1, pp. 11,

1 Application-rate patterns for stationary sprinkler,

¢, angle of integration, equal to 7/2
— /2 {(radians)

f, subscripl referving to the ith sprin-
kler on the system (dimensionless)

C,. Christiansen’s coellicient of uni-
formity (dimensionless)

V, volume of application (L*)

5. sn!)scripl (lmmling A poinl at a
distance 8 {from center of rotation
{dimensionless)

Movixe Six6Lr SeruNKLERS

This analysis requires mathematical
CAPressions Tor .Ll)phmtmn ritle and
depth from  moving sprinkler  heuds.
Bittinger wnd Longenbaungh (3} de-
rived  the mathematical equations for
application rate and depth for single
sprinklers moving in either a straight
line or a cireulir path, They assumed
individual sprinkler patterns having tri-
angular and elliptical cross sections
which represent generally the extremes
for stationary distribution patterns.

Application Rate

The application rate from one sprin-
Klev maving in o cirenlar path across
peint p for a tiangulo sprinkler pat-
tern is:

I

A - e rr[S‘-’ + 7 — 2RS cos o]’

[

rate from one
sprivkler pat-

LT

Similarly, the application
sprinkler {or an elliptical

fern is:
I

A= [r%-- 82— R* 4 2RS cos a] ™
r

[2]

Tlhe: maximum zlpl)limtion rate, &, for
the tiangular pattern is double the rate
{or the vl.hpluul pattern for a stationary
sprinkler with a given discharge and
radius, However, the rate decreases
much more rapidly for the teiangular
pattern as the distince from the sprin-

12, 13, 14 and 135, 1968),
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kKlev inercases. Fig, 1 illustrates  the
stiionary sprinkler pattern for the tri-
angular and elliptical cross sections.
Application Depth
The total depth ol application from
one sprinvkler was evaluated by inle-
grating the rate over the lotal time, The
total depth {rom one sprinkler moving
in a eircular path assuming a Lrizmgnlar
pattern is {Sce notation in Fig. 2):
» 20 (‘wl .
D= 21 - J ot st +ome
rw o
o
— 2RS cos o] da [3]
Similurly, the :ippli(-;ltiuu (lc-lllh from
i .xprinklcr moving i i cirenlar pul-
lern over point p with the clliptienl
pattern is:

wl
Al '

D - 1717 {1 — m3) i [ 2
@ O

An{n + m)
L —m?

LI

L[]
Bittinger and Longenbiugle were able
to solve equation [3] in the form ol
an elliptic integral but did not solve
equation [4].

They also indicated that the vircular
path could be approximated with a
straight-line path beyond a  distimee
from the pivot 1o the sprinkler of five
times the paltern radius.

The equations for the application
depth for the straight-line sath  for
triangular and elliptical sprin ler pat-
lerns are, respectively,

D 8 {1 = m=)% — m*In
wit |
[ {1 —m)% + 1 -
- ascit ) - [3]
. ne |
and
D ,]”T {l—my [6]

2wl

OVERLAPPING SERINKLER FFFECT

Eauations [3]. [4], {3], and [6]
can be ulilized o evaluate the applica-
tion depth for one sprivkler  passing
over any poimt. For this analysis both
cquations [3] and [4] are solved by
a namerical medhod. The system ana-
Iyzedd in this paper, however, must con-

w1 ] > 5

S

FIG. 2 Sprinkler moeving in o cirele at
constant velocity,
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FICG. 3 Theoretical and measured application depth distribution for system 32,

sider the overlap from adjucent sprin-
Klers to determine the total application
at any particular point, The large num-
ber of repetitive solutions required to
determine the distribution pattern for
a svstem immediately requires the nse
of a computer,

The equations solved to determine
the total depth at a distinee S Trom the
pivot for one pass of the system for the
trinmgnlae and elliptical sprinkler pat-
terns, respectively, are

N I, ['(u'[',
D.-2 Y T, — .
= .0
i T

5+ R —2RScosx | du

(7]

e
N 15!)1‘;7
D, ¥ k(1 — )% " 2
L | ')
[ 4 ; Ty
| 1 m {n, m;) Sl i "
I [ - mp* |

e e e e e [8]
The numerical solution of equitions
[7] and [8] require eonsiderable com-
puter time and therefore the applica-
tion depth bevond B850 ft wus approsi-
muted wilh equations [3] wnd [6] for
the straight-line path. The amount of
skewness [or the circulur path was Jess
than 0.01 in, from the immer to Lthe
outer radius for one sprinkler at this
distance. The eguations solved for the
total depth at a distance 8 trom Lhe
pivol for one pass of the system with
the straight-lne approximution for the
triangular and vl]i])li('ul palterns, re-
spectively, are

N bhn I .

ne,”
i lwﬂi |
In 7 St 111 B i ..... [9]
1 m
and
AS 5
b Ty M e
2o ;T

Cosiranisory oF THEORETICAL axp
Fiern Distmnuriox
The adequacy of theoretical equa-
tions [7], [8], [9] and [10] for pre-

dieting the depth of applicalion was
determined by comparing with experi-
mental measurements from an opera-
tional system., Field application depths
were meastred in cans spaced 10 ft
apart and extending radially ontward
[rom the center-pivat point, The con-
tinuous lines in Figs, 3 and 4 are the
measured application depths versus dis-
tanee from the pivot point for Lwo
svatems, The individual sprinkler pres-
sures and angular velocity of the sys-
tem were measured to allow a direct
compurisonn of theoretical and field-
mieasured depths.

The theoretical application depths
wore determined for 1040t radial inter-
vals far both triangular and elliptical
patterns by solving equations [7]. [8],
[9] and [10] nomerically on a com-
puter. The individoal - sprinkler  dis-
charge and pattern radins were taken
from the mmufacturer’s handbank cor-
responding to the sprinkler orifice size
and  pressure, Table 1 provides  (he
sprivkler discharges, pattern radii, and
radii ol rolation used in the theoretical
analvsis of bolh svstems, Plolted points
in Fir, 3 and 4 represent theoretical
depths for the biangular and elliptical
patterns, The water diseharged by the
field installations ulilized for compari-
son was greater han indicated in Ta-
ble 1 by the amount necessary to pro-
pel the system plus the discharge for
the large-volume sprinklers at the outer
end of each svstem.

The svstem in Fig. 4 (No. 532) has
a considerabile reduetion in application
depth approximately 1,050 {t from the
pivot. This dip resulls Trom sprinklers
31 and 32 inadvertently being much
smaller than adjacent sprinklers  and
provides an excellent test of the theo-
retical distribution. The deviation Dbe-
tween actual and computed depth 450
ft from the pivot resnlts from a sprin-
kler head nol vevolving during the test,
The application depth at the onter end
of the line is due to a large volume gun
rotating in a semicircle whiel was not
inchided in the mathematical model,

Small differences are observed be-
tween the computed application depths
for the triwngular and elliptical sprin-
kler patierns. The elose spucing af ud-
jacent sprinklers probably conceals the
effect of the dilf erent sprinkler patterns,



TAHLE 2,

Syl Acres Experimental
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52 1518 87.3
application rate for the triangular and

elliptical patterns, respectively, are:

A, }" h, — —FI" [5%+ R2 —
1 rl
2RSS cos a0 [16]
andd
PR L P,
i,
- 2008 cos a] ¥ [17]

LFquations [16] and | 17] were solved
for small incremenls of o from #ero to
e’ This provided one-lill of the sym-
melrie rate-lime relationship for a com-
plete pass of the pattern over the point,
With @ giveu angular velocity, a rate
v, me relalion was calenlated  for
points at 100-ft intervals radially out-
sl

Fach of the rvate-vs.<time relation-
ships were ade dimensionless by di-
viding the rate by the maxinmm rate
applied during the complete pass ol
the pattern and the time by the total
time for a complete pass. LFig. 5 illus-
trates the dimensionless rate vs. time
relationship for the triamgular und el-
liptical patterns,  For estimation pur-
poses, the rate versus time curves were
approsimated with straight-line seg-
ments.

Sprinkler-trrigation  design criteria
xl)ociﬁes ane allowable application rate.
The total volume applied ahove the al-
lowable (soil intake) rate can be con-
sidered potential runoff. The maximum
application rate, which occurs directly
undder the sprinkler line, can be used
ta evaluate the portion of the total vol-
ume applied at a rate above some al-
lowuble rate. The excess percentage
can be determined from the ratio of
the allowable rale to the maximum
rale oceurring at virious distances [rom
the pivot. If a horizontal line were

FIG. 3 Dimensionless application rate vs,
time,
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drawn on a time-rate piot at the frae-
tional rate, the area above the line re p-
resents the portion of the total area
under the rate-vs.-time curve for which
the vohne or deptli heing applicd ex-
ceeds the allowable rate.

Applieation Rate Analysis

The total volume applied above an
allowable rate can be considered a
depth per wit wea. For purposes of
illustration, the depth applied ot un
excessive rale was calenladed assuming
two allowable application rates of Q. 3
and 0.5 in. per he. The « capacitics of
sprinklers 31 andd 32 om system 52 were
increased to correspord with adjacent
:-l)rink'[(‘rs lor this illustration. Iigs. 6
and 7 show the percent of the total
deptl applicd at a rale exceeding the
allowable rates vs, distance from  the

FIC. G Percent of total dcpth applied
above allowable rate vy, distance from
pivot for triangular pattern sprinklers,

pivot Tor the triangular and elliptical
palterns, 1‘(!5puc[ix'("ly. It s quilc- oh-
vious that the system with the smaller
capucity has less of the total volume
applied in excess of an allowable rate.
The excess depth s approximately the
same for the smaller svstem with the
lIower allowable rate and the lar ger svs-
tem with the higher allowable rate. The
percent of the excess depth increases
considerably as the distance increases
from the pivot peint. indicating that
the length of Tine is a major Tactor in
designing a center-pivol system.

The volumes applied at a rate in ex-
cess of the allowable rules are sum-
marized Table 3 which provides a
better insight of the system perform-
ance,  Again, the size of the svslem
shows a marked eflect on the volmme
applied @l an excessive rate. When as-
suming an clliptical puttern and an al-
lowable rate of 0.5 m. per hr, the ex-
coss volume for svstem 32 ds less than
10 percent of the total. However, an
increase in the size of system and a de-

FIG. 7 Percent of total depth applied
above allowable rate v, distance from
pivol for clliptical-pattern sprinklers.

crease in allowable rate to 0.3 in. per
lir increases the excess volume to 50
pereenl of the total. With the triangu-
lar puttern assumption, the pereent vol-
ume excess increases approximately 3
or 6 percent ubove hat with the el-
liptical pattern. The percent excess vep-
resents the amount of irrigution water
that could be potential runoft and could
decrease the aniformity of application
depth,

The eflect of (he increased excess
deptli farther from the pivot poinl is
magnified since the area irrigated in-
creases as a4 Tunction of the radius
sqpuared. As an ilustration for a 1,300-
ft cirele, 30 percent of the area is out-
side of the 8920-ft point and 73 percent
of the wrea is ontside ol 630 t. This
again emphasizes the need to consider
the length of line tor design.

IHsoussiox

The analvsis of the two systems in-
dicates the pm])lum for the design of
a4 cenler- 1)1\ ol 5pr11|'|\]f‘l svsiamn for soils
with low intake rates. The equations
and figures prosented can he used to
determine the maximun allowable sys-
tem length for a given set of conditions.

The Lotal depth of upplication can
be reduced by increasing the angulie
velocity and  provide a ])l()p()lilﬂ[llt(‘
decrease in the depth apphicd at an
cxcessive rate. The percent of the
total depth applied ubove an allowable
rute remains constant as shown in Fig,

—— - satiy rucn

FIG. § Craphical solution for determin-
ing the peveent ol total value applied
above an allowable rate.



UnIFORMITY OF DEFTLH

Figs. 3 and 4 both indicate a larger
appheation depth near the center ol
rotalion. A measwre of un[fm'mi[}"
would indicate the seriousuess of this
deviation,  Unilormity  evalualions  of
sprinklec-irrigation svstems has been
diseussed by Beale und Howell (2).
(:|l|nl);l|‘i\nu-; were made of various co-
efficients to easnre uniformity wnd re-
lationships wmong  the various  coefli-
cients. The “ceetlicient of nnifornity”
propased by Christiansen (4) was con-
sidered to he a satisfactory measure of
uniformity and was utilized in evaluat-
ing the uniformity in Uiis analyvsis,

The uniformity coclficient considers
the ratio of o summation of the abso-
lute deviation of the mean volume from
observed volomes Tor subareas to the
total volume applicd and can be ex-
prossed as

C, 100 Lo -

‘.’
T
Cocllictent of Uniformily for Centey-
Pivol System

The volume associaled with the sul-
aweas, Vo,owere assomed to equal the
depth times the arvea represented by
the point measurement. Each observed
depth was assumed constant for one
revolution of the system. By letting the
distance Detween measired points he
AS, the area reprosented by deplh at
poinl S is

A

273, AS ..

seipning [0

]

LI5S

Lo al

FIG. 4 Theoretical andd measured application depth distribution for svstem 32,

The volume for a subarea was expressed
s
\(f

. DAL 23D S.AS

. [13]
The average volume for o subarca is
Ve
D, is the tolal volume divided by the
total area, 12 2V YA,
5 5
equation [[1] is writlen as

i A, where the average depth,

Thereflore,

275.AS ¥ 27D,S,AS|

determined by excluding the area al
the outer radius where the theoretical
heging (o depart from the experimental
distribution due to the end gun. 1f this
was not done for system 32, € would
he 80,9 and §L.7 for the triangular and
elliptical patterns, respectively,  Note
that the deviation from the mean at the
guter radius of the sprinkler system al-

. 5 | -
¥ 27D, 5,45 — —— I
¢, 100 10 - s 2 275.a8 : 4]
h .
Y 27DSAS
B
ar
S s,
5 —
2 3 P !
. ' Siaed ok b =
¢, - 100 L0 — s O R 11
:\. ]
e
D_s.

Table 2 contuins the coefhicients of
uniformity for both systems The uni-
formity coeflicients in this table were

TAULE 1, INVENTORY OF SPRINKLER SYSTEN
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fects a significantly large area and re-
duces C accordingly. Both systems ap-
pear to have excellent uniformity  of
application depth. The lower experi-
mental € for svstem 52 s probably
the direct resull of the malfunction of
the 15th sprinkler located approxi-
mately 300 ft from the pivot.

Since Table 2 and Figs. 3 and 4 indi-
cate good agreement hetween the (heo-
retical and measured depths, it was as-
simed  that the mathematical model
could be used to determine the appli-
cition rale at various points under the
systen,

Arvnicaros Rares

Newr the pivat point, the application
rate on @ point is low bul time ot ap-
plication is long. Moving radially out-
ward the time of application on @ point
decreases with a mrrcxpmuling in-
crease in the nppliczllinn rite heing
necessary i uniform depth is to be
achieved.

The application vate on a point at a
distance 8 from the pivot includes dis-
charge from more than one sl)ri,ukhrr
and can be determined by sumnming
the individual rates from superimposed
adjacent  palterns, The equations for



TABLE 3, SUMMARY OF VOLUME

APPLIED ABOVE

ALLOWABLE RATES FOR ONE

REVOLUTION OF THE SYSTEM
‘ Total - .\'Eulur.' kv s
Systesn -_'|f.-)|u '\“;':\t':m" [rs./Rev, .l:.:!.lnl'n;:-l allpwahle rate I:"x':‘:_“';l
Triangular
32 GO0 0.3%/hr, T3 51,6 4.5 a7.8
0.5" /hr. 73 80.6 12.8 L35
e Q30 1.3 /i, GO 113.9 G628 35.1
0.3" /b, 60 113.9 39.5 307
Elliptical
32 GO0 04" /hr. T3 50.1 253.3 31.6
.5 /hr, 73 50.1 TR 9.7
a3 0.3" /hr. &0 117.2 57.0 I |
(13" /hr, fil} 113.3 3.8 25.1

5 andl s net a function of the angular
! (‘1()('11}',

A reduction of the svstem capacity
decreases the percent of the wtal vol-
e applied in excess of an allowable
rate, The Jower Timit of o system s
cantrolled by the amount necessary (o
meet the seasonal crop nquircmr‘nl
The two systems analyzed in this analy-
sis, asswmning 100 percent elficieucy,
provide 0.22 wud 0.36 in. per day with
conlinuons operation.  Wilth a system
efficiency of less than 100 percent, the
smaller system may have difficulty in
mabdaining optimum  moisture  condi-
ticns mp(*(n]ly during growth periods
wilhi peak waler domm(l

Desion oF SysTes

The distribution of application depth
Llll(!(‘l' 1 ('(?l‘]l(}l'-l)i\"i)' h':n/.';l('l]'l Car l)‘(ﬂ
estimated with assumed triangnlar and
elliptical sprinkler patterns with equa-
tions [7], [8], [Y] and [10]. The
discharge in gallons per minute for in-
dividual \pnuklu‘is can be determined
lor o desived irrigation depth in inchies

aned an angular
hir by

fl)l e

velocity in radians per

DB (R, ~ &
BT R

The sprinkler spacing is dependent
on the desired overlap and awvailable
aprm“e‘n The two systems used for
comps arison (lt*ﬂ](lll:.lldl(‘ the uniformity
in depth of application that has heen
attained with the center-pivot sprinkler
svslem as well as the nonuniformity in
rate of application,

) [18]

The analysis indicates that the ap-
plication rate may he too high for many
conditions. Twe obvious solutions are
to limit the length of the line or utilize
sprivkler heads with w longer pattern
radius. The longer pattern radius would
prov ide a Iom,m' intake ()ppmlnml»
time and allow a reduction in applica-
tion rale.

The design of a sprinkler lateral
length can be made utilizing an allow-
able application rate corresponding to
the soil tntake characteristics. The
masimum application rale at iy point

o the system can be determined with
equations [16] and [I7] at a = 0.
If the maximum application rate ex-
ceeds the allowable rate, the depth ap-
plied above this rate can be determined
by finding the area above the appropri-
‘ll(‘ rile 1.111(1 in 110. 3 This mt(‘frm-
tion is shown in l:g_{. 8 which .1[]0\\:, a
direet detenmination of the percent ex-
cess depth for a given sprinkler pattenn,
allowable rate, and maximum rate,

SUMMARY

1 Mathematical equations are given
for the application depths and rates for
@ center-pivot sprinkler svstem, A
method ol evaluating the unifarmity of
application deptl is presented.

2 Theorelical solutions for distribu-
ticn of depth from a center-pivot sprin-
kler system are compared with field
mesirements,

3 The distribution of application rate
radially oulward from the center pivot
is shown,

4 The analysis provides the fovrmu-
lation necessary tor the proper design
of w cenler-pivot, s.t‘]f-pmpo}lvd. sprin-
klev irrigation svstem.,
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