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Abstract

Design strategies that enhance modern irrigation practices, reduce energy consumption, improve
water use efficiency and crop yields, are fundamental for sustainability. Although, microirrigation is
currently a widely applied method, Center-Pivot irrigation systems have become very popular on
large farms, thanks to their automation, wide-coverage, and reliability. Different design procedures
have been proposed, even though some aspects have not been solved yet. This paper presents a simple
design procedure for Center-Pivot systems using a gradually decreasing sprinkler spacing along with

the pivot lateral, which makes it possible to set favorable and uniformly distributed water application
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rates. The sprinkler spacing distribution along the radial direction is derived by considering just one
dimensionless group accounting for the geometric and hydraulic input parameters. According to this
outcome, the results showed that the suggested procedure made it possible to select the sprinkler
characteristics and the pipe diameter, based on the desired input parameters, i.e. the uniform water
application rate and the lateral length. For assigned input parameters, the lateral length is delimited
by a threshold value, indicating that lateral lengths longer than that threshold value require the
modifications of sprinkler flow rate or pipe diameter. Finally, applications based on the proposed

hydraulic design procedure were performed and discussed for two different cases.

Key-Words: Center-pivot, analytical solutions, energy-saving, uniform water application

Introduction

The development of appropriate technologies and design strategies to enhance modern
irrigation practices, reduce energy consumption, and improve water use efficiency and crop yields, is
imperative for sustainability (Noreldin et al. 2015). In small areas, where the topography is not
necessarily flat, microirrigation is currently considered one of the most efficient and widely applied
methods, since it reduces water losses due to evaporation. Many studies have focused on simple
methods to design drip irrigation systems (Al-Samarmad 2002; Baiamonte et al. 2015; Sadeghi et al.
2015), and to minimize the energy consumption (Baiamonte 2017; 2018a; 2018c). However, many
private companies are investing in the mechanization of irrigation (FAO 2018) to optimize the capital
and operating cost. Especially in the last few decades (Abd El Wahed 2015; Abedinpour 2017), the
use of Center-Pivot irrigation system (CPIS) has significantly increased, since it makes farm
management easier, is as efficient as microirrigation but allows much larger coverage, and is less
time-consuming compared to the other irrigation systems (Sui and Fisher 2015).

Thus, CPIS are replacing currently used irrigation systems in reasonably flat areas thanks to
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their automation, large coverage, reliability, application uniformity, and ability to operate on
relatively rough topography. In fact, CPIS are easily automated, and require much lower labor costs
than mobile sprinkler systems that need to be displaced in different sectors of the farm, according to
irrigation scheduling. Moreover, it is relatively easy to carefully manage soil water levels, thanks to
the semi-automatic operation of Center-Pivots and lateral moves.

In the “60s, CPIS were equipped with standard high-pressure (greater than 350 kPa) impact
sprinklers. These sprinkler packages had the advantage of good application uniformity when the
system nozzles were appropriately sized and pressure variation along the lateral resulted within
recommended limits. However, in the ‘70s, the increase of energy costs caused major concern among
producers due to the high-energy requirement of impact sprinklers (Bradley and Kincaid 1997; Islam
et al. 2017). Thus, LEPA (Low Energy Precision Application), and a low-pressure application
package for Center-Pivot systems were also developed in the early 1980s (Schneider 2000).

Several studies have been performed on the CPIS hydraulics, aiming to increase the uniformity
of the water application rate and to limit the peak of instantaneous precipitation rates, which may
determine soil erosion (Kincaid 2005; Baiamonte et al. 2019). Indeed, center pivots often apply water
faster than the infiltration rate, because the irrigation system must apply enough water as it moves
across the field to meet crop water needs until the next time it irrigates that portion of the field
(Bjorneberg 2013). Reddy and Apolayo (1988) derived a correction factor to be used to estimate the
friction losses along CPIS. Scaloppi and Allen (1993) developed analytical equations to characterize
the hydraulics of Center-Pivot laterals with and without the end-gun sprinkler. Faci et al. (2001),
compared the performance of fixed and rotating spray plate sprinklers and stated that the rotating
spray plate sprinklers installed at larger spacing along the pivot’s lateral are characterized by higher
uniformity coefficients. As a consequence, smaller local peaks of instantaneous precipitation rates
and the reduction of undesired runoff can be observed, thus limiting erosion processes that occur
when the water application rate exceeds the soil infiltration capacity (Rogers et al. 2017; Baiamonte

2019; 2020a).
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Valin et al. (2012) developed a software application, named DEPIVOT, which makes it
possible to design the CPIS, according to five sub-models. Users can verify initial target design
values, and then compare alternative sprinkler packages until appropriate conditions are established.

Towards the aim of optimizing water use efficiency, de Almeida et al. (2017) proposed a new
system called localized mobile drip irrigation (IRGMO), in the attempt to combine the practicality
and benefits of a Center-Pivot system with the efficiency and water-saving capacity of drip irrigation
systems. de Almeida et al. (2017) also emphasized that plugging phenomena may occur more than
with sprinklers due to the small-sized drippers. Instead of common CPIS, equipped with drippers
(IRGMO) or sprinklers, recently Baiamonte and Baiamonte (2019) analyzed the ‘geometry’ of the
irrigated areas of a CPIS equipped with rotating sprinkler guns. Due to the larger-sized nozzles, CPIS
equipped with sprinkler guns could provide a solution to the plugging phenomena.

To ensure the uniformity of the water application rate, CPIS requires increasing the flow rates
along the lateral because the sprinklers farther from the pivot move faster, and therefore their
instantaneous application rates must be greater. Thus, the irrigated area under a CPIS expands
substantially with increasing system length. To irrigate the increased area by maintaining constant
application intensity, the manufacturers propose: 1) to increase flow rates of equally spaced sprinklers,
i1) to gradually decrease the spacing of equal-flow sprinklers along the Center-Pivot lateral (Bradley
and Kincaid 1997; Majumdar 2000; Howell 2003), and iii) to use semi-uniform spacing (Allen et al.
2000), which is a combination of the first two methods.

Probably because it is easy to provide from a practical point of view, the most common
approach is to have equally spaced sprinklers with increasing flow rates (nozzle sizes) along the
Center-Pivot lateral (Howell 2003). However, a variable spacing system is also applied since it makes
it possible to arrange the sprinklers at strategic locations on the lateral so that the distribution of water
along the lateral is uniform (Chu 1980).

Moreover, the design problem could be complicated by the fact that machines must be designed

to match each site and information must be collected to characterize the variability of the soils
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(Baiamonte et al. 2017; 2019), topography, infiltration rates, microclimates across a field, and
expected crop water use patterns over the season (Evans 2006).

In conclusion, although many definitions and design procedures can be found in the technical
literature, a universally accepted design procedure has not been found yet. In fact, the issue of CPIS
design is widely debated and there is still a need for simple, yet adaptive designing guidelines for
farmers using these systems, specifically to maximize water use efficiency and minimize the energy
consumption.

The objectives of this paper are 1) to derive a geometric design procedure for CPIS that makes
it possible to set favorable water application rates, according to a gradually decreasing spacing of
equal-flow sprinklers along the Center-Pivot lateral, where parameters can be set according to the
site’s needs; ii) to suggest a simplified hydraulic design procedure to determine, for fixed input design
parameters, the maximum length of the lateral, which makes it possible to achieve the desired
uniformity of water application rates in the CPIS irrigated area; and iii) to show the reliability of the
proposed procedure with two different cases, by determining the pressure head distribution line

(PHD), once the suggested design equations are applied.

Theory

Geometric design of a Center-Pivot

Let us assume 79 (m) as the CPIS radius, in which for a given spray distance and spray angle, n
sprinklers, j = 0, 1, ... n, with variable spacing, s, s2, ... s, (to be determined) are installed (Figure
1). During the lateral rotation, with an angular velocity ®, each sprinkler j irrigates an annulus with a
different width, wo, wy, ... w,. The whole potential irrigated area by the Center-Pivot lateral is denoted

as Ao =7 ro’.
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The annulus area irrigated by each sprinkler j, 4;, is imposed as equal for all of the sprinklers,
and can be expressed by the ratio between the design sprinkler flow rate, g, (m®/s), and the desired

water application rate i (m/s):

A =1 (1)

Once the g, value is fixed, Eq. (1) states that for a design water application rate, i, only a constant
irrigated area 4;, for each sprinkler installed with variable spacing (Figure 1), will assure a uniform
water application rate.

The irrigated annulus area of the first sprinkler (j = 0), 4;, can be expressed according to:

A =m (¢ —1d) (2)

where the radius »; (m) equals to (Figure 1):

T =Ty — W 3)

where wo (m) is the annulus width corresponding to the first sprinkler (j = 0) at the distal end of the

lateral (Figure 1).

Substituting Eq. (3) into Eq. (2) yields:

A1=7T(27”0W0—W5)=7TW0(27”0—W0) 4)

According to the aforementioned assumption, Eq. (4) can be put equal to Eq. (1), proving two wy

solutions of the second-degree equation:
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Among the two solutions, only that with the minus sign has to be considered, since it refers to
the wy annulus width, corresponding to the inner circle of the Center-Pivot irrigated area (Figure 1),
whereas that with the plus sign refers to the outer circle ( > r9) and it is not of interest for the purpose
of this study.

By dividing Eq. (5) by the CPIS radius, 79, the normalized width of the first annulus, w+, can

be derived:
—Wo _ 4 _ _dn 1
Wiy = el 1 1 irgn (6)

From Eq. (6), it is interesting to notice that the annuli width depends on one dimensionless group, g
/ (i ro°), consolidating the role of the geometry (r9) and of the hydraulic parameters (gn, 7). Such
dimensionless parameter also shows that g, represents the flow rate that would be needed to irrigate
a hypothetical squared area of side 7y, corresponding to a water application rate, i.

Table 1 reports a possible and fairly wide range of variability of the involved input parameters
(ro , i, and gy), i.e. their reasonable minimum and maximum values, and those corresponding to the
derived parameters (4o, A;, g /(i ro°), wo and w=p), showing that the extremes of wy could be considered
meaningless for practical applications.

In Figure 2, w+y calculated by Eq. (6) is graphed in both a semi-log (Figure 2a) and log-log
plot (Figure 2b) as a function of the dimensionless group, g / (i rs°), illustrating the expected
monotonically increasing relationship between the two parameters and their already observed
possible range of variability (Table 1). The fitted power-law, also displayed in the figure, resulted in
a good approximation of Eq. (6), for g»/ (i 7°) < 1. Figure 2 also shows the pair (black dots)

corresponding to the applications (run #1 and #2) that will be described later.
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For different rainfall intensity, i, Figure 3 plots the annulus width corresponding to the first
sprinkler, wy, versus the sprinkler flow rate, g, for two very different »y values (rp = 100 m, Figure
3a, and for rp = 800 m, Figure 3b), indicating that too low of a ¢, and too high of a i, correspond to
very low wy values that are unsuitable for practical applications. Moreover, to be sure that no irrigated
area occurs between two contiguous annuli, the diameter of the sprinkler irrigated circle, ds (Figure
1b), should be large enough to fully cover the annulus width, thus overlapping the irrigated area and
improving the water distribution uniformity in the root zone (Al-Kufaishiet al. 2009).

Furthermore, according to Eq. (6), the triplet of values (g, 7o or i) have to be selected

according to one of the following conditions that needs to be satisfied:

Gn <TiTg (7a)
Ty > ;’—’: (7b)
i> nq% (7¢)

For example, for the minimum and for the maximum values of 7y and 7 reported in Table 1,
which were assumed possible in this procedure, the maximum value of g, gumax, derived by Eq. (7a),
results in the wide range 471.2 - 2.01-107 I/h.

The annulus area corresponding to the second sprinkler (j = 1), 42, can be expressed as:

Ay =1 (i —13) (8a)

that can be rewritten by substituting »; (Eq. 3) and r> (Figure 1):

Ay =m ((ro — Wo)z - (- W1)2) (8b)
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In Eq. (8b), solving the square of the two binomials provides:

Ay =7 (r¢ + wé = 2rqwo — (rZ + w? — 2rywy)) (8c)

The annulus width corresponding to the second sprinkler (j = 1), w;, needs to provide the same

area of the first annulus, 4;, with width wy, and can be derived by equating the annulus area

corresponding to the first sprinkler, 4; (Eq. 4), to that corresponding to the second sprinkler, 4>,

yielding:

Twy (219 —wp) =1 (1§ + wg — 2wy — (i + wi — 2rywy)) (9a)

that can be written according to a second-degree equation in the unknown wy:

wi=2rw; + (4rgwyg—2wi —1¢+12) =0 (9b)

Similar to Eq. (4), two real solutions of Eq. (9b) can be obtained:

wy =11 218 — 4 1rowo+2 Wi (9¢)

However, also in this case, only the solution corresponding to the minus sign, i.e. to the inner circle,
is of interest (Figure 1). Eq. (9¢) makes it possible to derive the annulus width of the second sprinkler

as well as that of any sprinkler j, respectively:

Wy, =15 — 17 — 41wy +2 wh (10)

w; =rj—\/rjz_1—4rj_1wj_1+2 wi g j=1,2,...n (11a)
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As wy (Eq. 6), Eq. (11a) is rewritten here, by normalizing w; with respect to ro:

41 .
W*j=T_—OJ=T*J'—\/T*2j_1—4r*’j_1w*’j_1+2 W*Z‘j_l ]:1,2,...7’1 (llb)
where rs, wx, r+ ; and w+.; are the normalized radius and annulus width corresponding to the
sprinkler j and j-1, respectively. Eq. (11b) is a recurrence relation that recursively defines a sequence
of annulus widths, once the initial terms, 7+ (= 1), and w= are given; Similarly, each further term of

the wx sequence is defined as a function of the preceding terms.
Sprinkler spacing and lateral length

In order to derive an analytical solution to design a Center-Pivot irrigation system, according
to the above described geometric procedure, the sprinkler spacing needs to be considered. Similar to
the annulus width, the sprinkler spacing, s;, increases from the outer circle versus the pivot-axis
(Figure 1). The sprinkler spacing can be easily derived by Eq. (11), if the sprinklers are considered to
be located in the middle of the annulus width (Figure 1). In the following, s; is written in dimensional

and dimensionless terms, respectively:

Sj=“’f++wf (12a)
=S Wt Wy
sy == 2t (12b)

Of course, Eq. (12a) and Eq. (12b) can be used once the Eq. (11a) and Eq. (11b) have been applied.
The corresponding lateral length, L (m), which due to the aforementioned condition (Eq. 7), could be

lower than the Center-Pivot radius, 7y, set in Eq. (5) and Eq. (6), is equal to:
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—\n WotWn _ v
= di=o Wi =~ = di=1 Si (13a)

that once again can also be expressed by normalizing L with respect to 79 and denoting the ratio L+

Wit Win n

L
L* = E = ;-lzo W*] - > = j=1 S*j (13b)

For w+ = 0.01 and for the same two ry values already considered in Figure 3 (79 = 100 m and
ro =800 m), Figure 4a illustrates the sprinkler spacing, s;, versus the number of sprinklers j, obtained
by applying Eq. (11a) and Eq. (12a), whereas Figure 4b plots the corresponding cumulated values,
¥s;., where the lateral length, L, expressed by Eq. (13a), is also plotted (L = 88.1 m, for 7o = 100 m,
and L = 704.6, for ro = 800 m). Figure 4b indicates that for the considered design parameters, lateral
lengths, L, close to the pivot radius, o, (L= 88.1 % for both cases), could be designed for a constant
sprinkler flow rate and uniform water application rate.

Similar to w=, the sprinkler spacing and the corresponding lateral length (Eq. 12b and Eq.
13b), have to satisfy the following second condition, which is derived by imposing the radicand in

Eq. (11b) as positive:
2 W*z,j—l -4 Ty j—1 Wsj-1 + T*zj—l >0 ] =1,2,...n (14)

that states that the lateral length is limited by a maximum real value, L. By solving Eq. (14) with

respect to w+.;, the quadratic formula provides:

W1 = 1jer (1= %) (15)
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where again the solution with the minus sign has to be considered. Eq. (15) indicates the limiting
condition of the normalized sprinkler spacing (Eq. 12b) and that of the lateral length (Eq. 13b). For
the sprinkler spacing and for the two considered r¢ values, this limiting condition is illustrated in
Figure 4a (black dots).

For a given diameter of the irrigated circle, ds (m), and considering that the w; values increase
from the distal end of the lateral toward the pivot, as previously observed, it needs to prevent that
contiguous annuli are not fully irrigated, thus another condition should be set. Denoting with o (> 0)
the fraction of the overlapping area, the following condition could be additionally considered (Figure

1b):

S > ad (162)

that can be written in dimensionless terms and solved with respect to w+;, giving:

Wy < d*s(l_za) = With (16b)

where d+; denotes the irrigated circle diameter normalized with respect 79 and w+; the corresponding
normalized threshold value of the annulus width. For example, by assuming o = 0.1, and ds =4 m for
ro =100 m and ds = 12 m for 9 = 800 m, Figure 4a shows that the maximum admitted sprinkler
spacing (black dots) needs to be shortened (white dots), if an overlapping area of ten percent is
required. Thus, the number of sprinklers have to be less than the admitted maximum reported in Table
2 (n=49), and equals to n =45 for rp=100 m (wys, =3.2 m) and to n =15 (ws =9.6 m), for o= 800
m. As a consequence, the lateral length, which is illustrated in Figure 4b, should be also shortened

(white dots).
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Hydraulic design of a Center-Pivot

Once the geometry of the Center-Pivot is designed, the hydraulic design needs to be performed
and the pressure head distribution needs to be determined. Towards this aim, the energy balance
equation, describing the pressure head variations of the j-¢4 sprinkler, 4;, along the lateral that lays on
a flat field needs to be introduced. Under the assumption to neglect the variations of sprinkler flow
rate along the lateral (Christiansen 1942; Zayani et al. 2001; Provenzano et al 2005), if sprinkler
spacing would be considered as a constant, S (m), according to the well-accepted Hazen-Williams's

equation (Keller and Bliesner 1990), the following equation could be written (Baiamonte 2018a):

hj = hoin + K S HTV? 4y K HT? (17)

where 4; (m) is the pressure head at the sprinkler j, and /i, (m) is the minimum pressure head to be

imposed at the first sprinkler j = 0. The second term at the right side accounts for friction losses,

where Hj(_l'852) denotes the generalized harmonic number of order -1.852, truncated at j,

corresponding to Hj(_l'BSZ) = {;:1@ /;J € X (Baiamonte 2018a), the constant 1.852 is the flow

rate exponent of the Hazen-Williams's resistance equation, and K is the corresponding parameter

accounting for the friction losses (friction head loss gradient):

_10.675 q;®5?2

K =5 pet (18)

in which D (m) is the inside lateral diameter and C is a friction coefficient, which is a function of the

pipe material's characteristics (Keller and Bliesner 1990).
The third term at the right side of Eq. (17) accounts for local losses, being Hj(_z) the

generalized harmonic number of order -2, and o, is the minor loss coefficient multiplied by the kinetic
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head, K, associated with g,. Thus, for a design sprinkler flow rate, g,, flowing in the lateral, K; can
be expressed according to:

8 q%

- g m2D*%

(19)

For o = 0 the minor loss is zero and for oz = 1, the minor loss is equal to the kinetic head.
The minor loss coefficient can also be greater than the unity for some components in the hydraulic
design, however, this occurrence is seldom achieved for sprinkler laterals where ;. usually is in a
lower range (Juana et al. 2002a; Yildirim 2007).

It should be noted that Eq. (17) neglects the pressure head variations due to elevation changes,
which may be especially relevant for long lateral lengths. For this reason, most pivots are specified
with pressure regulators at each sprinkler unless the field is very flat. However, this issue is beyond
the purpose of this study, thus the design procedure derived in this work could be applied under flat
field conditions.

Another important issue not accounted in the proposed methodology is related to the use of
CPIS for crops with different water requirements, either in different seasons or within a single season.
This occurrence could require modifying the design procedure, considering the possibility to impose
variable emitter flow rates along the distribution CPIS pipe. However, in the proposed procedure this
occurrence might not be an issue, if low flow rate variations are required, which can be faced
equipping the emitters with pressure regulators.

For the variable sprinkler spacing described by Eq. (12) and Eq. (11), Eq. (17) needs to be

reformulated, by relaxing S as a constant, since it varies with j:

;= hin + K X_ V%% s+ a, K B, )2 (20)
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Now, Eq. (20) can be normalized with respect to ry, rather than to the constant spacing, S, as was

assumed for drip laterals in Baiamonte (2018a):

h.j = himin + K Zj':ljmsz S.j +ay Kip Z§'=1J'2 (21)

where h+ = hj / ro, hmin = hmin | 7o, K+ = K1 / 79, and s+ = s; /ro. Eq. (21) shows that for the CPIS the
energy balance equation can be written in dimensionless terms, and that the pivot radius is the scale
factor of the design procedure.

Baiamonte et al. (2015) showed that based on the energy balance equation, where the
hypothesis to neglect the variation of sprinkler flow rate is assumed, the design problem of sloped
drip laterals can be solved by imposing a fixed pressure head tolerance, o. Later, according to any &
value, which depends on the desired emission uniformity coefficient of Keller and Karmeli (1974),
Baiamonte (2018a) derived analytical solutions to facilitate the design for one-lateral units as well as
for rectangular microirrigation units (Baiamonte 2018b). Baiamonte (2018c) also showed that by
imposing o, and accordingly the maximum allowable emitter pressure at the inlet and the minimum
at the distal end of the lateral, it is possible to minimize the operational energy cost required.

Following a similar approach as described for drip laterals, for the Center-Pivot pipeline, the
fixed pressure head tolerance has to be imposed in Eq. (21). In particular, at the inlet (j = n) and at
the distal end of the lateral (j = 0), the normalized maximum and minimum pressure head needs to be

set, respectively:

himax = Pumin + K Z?=1j1'852 S«j + oy Ky Z;'l=1j2 (22a)
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where hspax = (1 + 0) hsn, hmin = (1 - O) h#,, and hx, is the nominal pressure head normalized with
respect to 7y. By solving with respect to 4+, Eq. (22a) can be written as a function of the pressure

head tolerance, &

hin = %(K Y1t s tap Koy Z}lﬂjz) 22

In Eq. (22a) and in Eq. (22b), the hypothesis to neglect the variation of sprinkler flow rate
agrees with the latter assumption of fixing the pressure head tolerance. In fact, along a lateral where
drippers or sprinklers are installed, it is under limited pressure head variations established by ¢, that
the ratio between the sprinkler flow rate variation (gmax — gmin) and its average, g,, is small (it should
be about than 5%, when 6= 10 %), providing a good approximation of this assumption (Wu 1997,
Vallesquino and Luque-Escamilla 2002).

For a fixed pressure head tolerance, the above equations show the mathematical formulation
of the principle of conservation of energy for the lateral of a Center-Pivot, so that the pressure head
variation is balanced by the sum of friction and minor losses.

For a fixed pressure head tolerance, a sprinkler flow rate, and a lateral inside diameter, the use
of Eq. (22b), together with Eq. (11b) and Eq. (12b), makes it possible to determine the inlet pressure
head that is required in the hydraulic design, /e = (1 + 0) hn.

For the CPIS design problem, in which the inside parameter, D, is unknown, once the other
parameters are imposed, by neglecting local losses (az = 0), as generally assumed for the pivot

laterals, Eq. (22b) can be made explicit with respect to K, g, or D, respectively:

26h
K=——"%>— (23a)
Z;t=1]1.3525*].
_ 26h.p 18524871 1/1.852 (23b)
n = Y1525, 10.675
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Egs. (23a-c) provide simple solutions to the Center-Pivot lateral design. In particular, Eq.
(23b) can be used if the inside diameter is fixed and the sprinkler flow rate is unknown, whereas Eq.
(23c¢) can be used when the sprinkler flow rate is fixed and the inside diameter of the lateral has to be
determined.

From Eq. (23a), the following important dimensionless group could also be derived:

Shin _ 1ony :1.852
— T3 lim1) TSy (24)

This parameter was recently considered (Baiamonte 2020b) to link the kinetic energy fraction
and the equivalent length method for trickle irrigation design when local losses are considered, and it
was usefully applied to analyze the relative weight of local and friction losses with respect to total
losses in the lateral design.

In this context, Eq. (24) lets the role of all of the hydraulic variables (%., ¢, and D) be
consolidated and provides a compacted graphical representation for a Center-Pivot design
relationship. For different values of w+ (Eq. 6), in Figure 5a, the dimensionless group (oh+, / K), by
Eq. (24), is plotted as a function of the number of sprinklers, j. The figure shows that, for a fixed
pressure head tolerance, 6, and for a fixed sprinkler j, at increasing w=o, the higher the pressure head
is, the lower the discharge or the higher the diameter (i.e. K) will be, as is expected in the design of a
Center-Pivot lateral. The same occurs for fixed wx at increasing j. Figure 5a also illustrates the
maximum number of sprinklers, nmq, that can be installed along the lateral, according to the
aforementioned condition expressed by Eq. (15).

For selected pipe material's characteristics (C = 140), for a fixed pressure head tolerance, 6=

0.1, for a nominal sprinkler pressure head, 4, = 30 m, and for a pair of 7y (100 and 800 m) and ¢,
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(312.6 and 400.1 I/h) values, Figure 5b plots the inside lateral diameter, D, versus the number of
sprinklers, j, indicating that larger diameters are needed at increasing j. Moreover, for a fixed number
of sprinklers, diameter values that are required for a longer lateral (7o = 800 m), are much larger than
those for the shorter one (79 = 100 m). Of course, very small diameters correspond to very high

annulus widths that are meaningless for practical purposes.

Applications

In this section, by neglecting local losses (Eq. 24) and by relaxing the condition described by
Eq. (15), i.e. by assuming that the diameter of the circle irrigated by the sprinkler is large enough to
cover the annulus width (Figure 1b), two theoretical applications were made, according to the design
variables reported in Table 2 (run #1 and run #2). Moreover, by using (Eq. 17) the pressure head
distribution line (PHD) was determined. Then, for different values of the exponent x of the sprinkler
pressure-head flow rate relationship (¢ = ks /*), including x = 0, which was assumed in the suggested
design procedure, and x = 0.5, which is commonly accepted for sprinklers (Li and Kavano 1998), the
PHD was checked by applying the step-by-step (SBS) method.

The SBS procedure was considered as a test procedure here, since it has the greatest level of
accuracy, because the basic hydraulic equations (i.e. the motion equation and the continuity equation)
between consecutive sprinklers are repetitively applied. In particular, to investigate the influence on
the retained hypothesis to assume the exponent of the flow rate—pressure head relationship equal to
zero (x = 0), the SBS was applied for different x values (0 <x < 0.5). This is because in the SBS the
simplified assumption, x = 0, can be fully relaxed.

For the two different triplet of values (i, g, 70), (run #1 and run #2, Table 2), corresponding
to the parameter g, /(i ro°) = 0.0625 and w+ = 0.01 (Figure 2), but differing in 7 and thus in wy (Figure
3a, run #1 and Figure 3b, run #2), first, Eq. (11a) and Eq. (11b) were applied to determine the sprinkler

spacing variation along the lateral (Figure 4a). For both cases, in Figure 4a, black dots indicate the
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maximum number of sprinklers that can be inserted along the laterals (n = 49). According to the w;
variation (Figure 4a), Figure 6 reports the irrigated circles by varying the annulus width, for run #1
(Figure 6a) and for run #2 (Figure 6b). Since for both runs, the same gradually increased sprinkler
spacing was assumed, the irrigated annuli appear equivalent, because the corresponding w=y values
only differ by the scale factor, ro.

Of course, longer lateral lengths could also be designed but according to the present design
procedure, they would require the modification of the sprinkler characteristics or of the inside lateral
diameters. However, the latter issue is beyond the purpose of this work.

To determine the dimensionless group, (oh+ / K), satisfying all of the possible combinations
of the parameters o, i+, and K, Eq. (24) was applied. The latter is displayed in Figure 5a, indicating
that for w+ =0.01, i.e. by assuming j = #max = 49, Sh+ / K equals 307.1 (Table 2). In other words, any
combination of the triplet (5, 4+ and K) providing this value, corresponds to a PHD line that lays in
between the minimum, /min = (1 — ) hy, and the maximum, Apuax = (1 + O) hn, admitted pressures.
Interestingly, Figure 5a shows that the same design variables (i.e. for the same oh+, / K) could be
obtained for different pairs (j, wx).

By choosing the commonly used value of the pressure head tolerance 0= 10 %, by fixing C =
140, 4, = 30 m, and for the already considered ¢, = 312.6 1/h (run #1) and ¢, = 400.1 I/h (run #2), K
equals 9.77E-05 and 1.22E-05, respectively. Thus, the corresponding internal diameter of the lateral,
D, calculated by Eq. (23c¢), equal to 38.90 mm and 79.51 mm, respectively (Table 2). For j = e =
49, these D values can also be observed in Figure 5b where, for run #1 and for run #2, Eq. (23¢) is
plotted.

In order to validate the aforementioned design, for the derived design variables, for run #1
(Figure 7a) and for run #2 (Figure 7b) by using Eq. (20), the PHD was determined. The same figures
illustrate the PHD lines obtained by applying the SBS method for x = 0, as assumed in the suggested

design procedure, which verifies Eq. (20) perfectly. It can be observed that the sprinkler pressure
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head lays in the admitted range between /pmin= (1- 6) h, =27 m and hpmax = (1+ ) h, = 33 m. Moreover,
for the exponent x of the sprinkler pressure head — flow rate relationship varying in the range 0 — 0.5
(Table 3), PHDs obtained by the SBS method are also plotted. Note that in Figure 7, the x-axis
reference (x = 0) is referred to the sprinkler where the pressure head is the maximum, /e = 33 m,
whereas in Figure 6, the x-axis and y-axis reference (0, 0) were referred to the Center-Pivot axis.

Figure 7 shows that using the design parameters obtained by the proposed solution in the SBS
procedure, when x = 0.5 is considered, provide slight overestimations of the actual pressure heads,
with differences that increase towards the distal end of the lateral. However, this occurrence does not
invalidate the proposed design procedure. In fact, even a pressure head that is slightly higher than the
admitted minimum, 4, (1 — 6), which should be exactly achieved at the distal end of the lateral (j =
0), would favor the plants’ wellbeing, because the pressure head overestimation supplies slightly
higher water volumes, and also limits the admitted range of pressure head variability.

For both run #1 and run #2, relative errors, RE, in the pressure head in the middle and at the
distal end of the lateral, and coefficient of variation of sprinkler pressure head, CV, were calculated,
giving the results reported in Table 3. The REs indicate that neglecting the variation of the flow rate
with the pressure head in the design procedure (Eq. 23c), provides slight errors in pressure heads (<
3%), which are in a favorable direction, as previously observed and as also shown in in Table 3 by
the decreasing CV as x increases. Thus, the suggested simplified procedure that lets users design a
Center-Pivot irrigation system under a uniform water application rate, could also be recommended

for the commonly accepted x = 0.5 value.

Conclusions

This paper presents a simple procedure to design Center-Pivot irrigation systems for gradually

decreasing sprinkler spacing along the pivot lateral, and a uniformly distributed water application

rate. The methodology is divided into two parts. First, the gradually decreasing sprinkler spacing
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distribution associated with a compacted dimensionless group of geometric and hydraulic input
parameters is derived by imposing a uniform water application rate. Then, according to this outcome,
a simple formula for the hydraulic design of the Center-Pivot irrigation lateral is derived. The results
showed that for assigned input parameters, the lateral length is limited by a threshold value, such that
for those lateral lengths longer than the threshold, it is compulsory to modify the sprinkler flow rate
or the pipe diameter. Thus, the lateral length limitation described in this study strictly derived by the
assumption of a constant sprinkler flow rate. It could be simple and inexpensive to modify sprinkler
flow rates by varying nozzle sizes, which could be an issue to be developed in a future work, starting
from the results obtained here. Finally, for two different cases, applications and validations of the
proposed hydraulic design procedure were performed and discussed. It was shown that the main
assumption to neglect the sprinkler flow rate variations provide slight relative errors of the sprinkler
pressure head (RE < 3 %) with respect to the values calculated by the accurate SBS procedure.
Moreover, it was shown that this assumption does not risk supplying less than the minimum water
volume requirement, since it provides sprinkler pressure heads that are slightly higher than the

admitted minimum, thus laying within the admitted range (/min < hj < hmax).
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Notation

Ao [L?] = area irrigated by the Center-pivot

A;[L?] = area of the first annulus wo

A [L7] = area of the second annulus w;

A; [LA] = annulus area irrigated by each sprinkler j

C = friction coefficient

ds [L] = diameter of the sprinkler irrigated circle

ds = diameter of the sprinkler irrigated circle normalized with respect to 7y
D [L] = inside diameter of the lateral

hj [L] =pressure head at the j-th sprinkler
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hmin [L] = minimum allowable pressure head

hmax [L] = maximum allowable pressure head

hn [L] =nominal pressure head

hx =pressure head at the j-th sprinkler normalized with respect to 7y
hmin [L] = minimum allowable pressure head normalized with respect to 7y
h#max [L] = maximum allowable pressure head normalized with respect to 7
hn =nominal pressure head normalized with respect to 7y

i[Ls'] = water application rate

K = friction head loss gradient

KL = kinetic energy associated with gy

K+ = kinetic energy associated with g, normalized with respect to ry
L[L] = length of the Center-pivot lateral

L+ = length of the Center-pivot lateral normalized with respect to 7y

n = number of sprinklers

Mmax = maximum number of sprinklers that can be installed in the lateral

gn [L? s'] = design flow rate of the sprinkler

ri [L] = radius of the inner circle of the annulus w;

ro [L] = radius of the Center-pivot

ri [L] = radius of the inner circle of the first annulus wy

r2 [L] = radius of the inner circle of the second annulus w;

¥ = radius of the inner circle of the annulus w; normalized with respect to 7y

s [L] = sprinkler spacing between the two first sprinklers (j =0andj=1)

s [L] = sprinkler spacing between the sprinkler j and the sprinkler j — 1

S# = sprinkler spacing between the sprinkler j and the sprinkler j — 1 normalized with

respect to 7o

S[L] = constant sprinkler spacing between
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wam [L] = threshold value of the annulus width

wo [L] = annulus width of the first sprinkler (j = 0)

wi [L] = annulus width of the second sprinkler (j = 1)

w2 [L] = annulus width of the third sprinkler (j = 2)

wj [L] = annulus width of the sprinkler j

Wi = normalized threshold value of the annulus width

W = annulus width of the first sprinkler (j = 0) normalized with respect to 7y
W = annulus width of the second sprinkler (j = 1) normalized with respect to 7y
W2 = annulus width of the third sprinkler (j = 2) normalized with respect to r¢
W = annulus width of the sprinkler j normalized with respect to 7o

X = exponent of the sprinkler flow rate-pressure head relationship

o = fraction of the overlapping area

oL = minor loss coefficient

o = pressure head tolerance

Ooh+/K = dimensionless group of variables of the Center-Pivot lateral



