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Abstract

New methods using analytical relationships to design drip irrigation laterals and subunits have been
introduced in recent years based on the assumption that minor losses can be neglected. This
assumption could be relaxed by applying the equivalent method, which makes it possible to account
for minor losses, such as those caused by emitter connections, through formulae based on the rationale
that an equivalent length of the drip lateral produces the same losses. However, equivalent length
formulas are empirical, thus, they do not necessarily cover the entire range of conditions in the real-
world contexts where the same formulas will be applied and their extrapolation could lead to
erroneous results.

In this paper, theoretical equivalent lengths are calculated and linked to the kinetic energy fraction,
which is considered an alternative general procedure to compute minor losses. Therefore, the results
obtained here are valid in all general contexts, since they are not affected by experimental calibrations.
A methodology is suggested that extends the use of analytical relationships to design drip laterals
from a previous method that neglects minor losses, to a new method in which minor losses are
considered. Several applications are performed for drip laterals in horizontal as well as in sloping

fields. Results show the reliability of this new design procedure.
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Introduction

Some simple relationships used to design drip laterals have been introduced during the past few
years (Valiantzas 1998; Baiamonte et al. 2015; Baiamonte 2018c). More recently, these relationships
have been extended to trickle irrigation subunits (Baiamonte 2018e). In particular, by neglecting
emitter flow rate variations and the local losses along the lateral, Baiamonte et al. (2018e) suggested
an analytical approach to optimally design micro-irrigation subunits applicable to any lateral and
manifold slope and developed the software IRRILAB (IRRILAB, 2018) to facilitates their design.
This analytical procedure, like others introduced in different contexts (Baiamonte 2016d; Baiamonte
and Singh 2016a; 2016b; Broadbridge et al., 2017), makes it easy to understand the factors affecting
the microirrigation unit design. Moreover, it also provides the optimal pressure head and emitter flow
rate, i.e., the coefficient ke of the emitter flow rate-pressure head relationship, which minimize the
energy consumptions.

By maintaining the hypothesis of negligible minor losses, Baiamonte (2016a) detected the exact
best manifold position (BMP = 0.24, under the Blasius resistance equation) for any lateral slope,
which must be fixed for an optimal design. Specifically, this BMP value makes it possible to reach
the maximum allowable emitter pressure at the inlet and at the distal end of a downhill lateral, and
the minimum allowable pressure at the distal end of an uphill lateral and upstream of the distal end
in adownhill lateral. Moreover, it was found that the BMP, which allows the use of the entire imposed
pressure range variability, corresponds to the only manifold position where it is possible to minimize
the required energy. Slightly different BMP values were found using two different resistance
formulas, BMP = 0.25 and 0.26, for the Hazen-Williams and Darcy-Weisbach equations, respectively
(Baiamonte 2018b), which were considered in IRRILAB.

It should be noted that the ‘optimal’ design introduced above only refers to an ‘optimal’

distribution of the emitter pressure head along the laterals that minimizes the energy required, and it
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does not lead to the minimum annual cost including investment cost, since no economic analysis
associated with the above procedures was carried out. This aspect was addressed by Carrion el al.
(2013), who developed a software application named PRESUD that made it possible to identify the
optimum micro-irrigation subunit using the annual water application cost per unit of irrigated area.
Wang et al. (2015) also presented an economic optimization method that seeks to balance competing
costs and benefits and, Jiménez-Bello et al. (2015) and Ferndndez Garcia et al. (2015) also dealt with
the same issue at the wider scale of pressurized irrigation systems (rather than subunits). More
recently, Chamba et al. (2019) introduced a novel approach where the diameters of the laterals and
submains were calculated by minimizing an objective cost function that includes investment and
operating costs of drip irrigation units and minor losses were considered according to the equivalent
length method.

Although, the procedures proposed by Baiamonte et al. (2015) and Baiamonte (2018c; 2018e)
are analytical and do not require recursive and finite element techniques in contrast to other design
methodologies (Wu et al. 1983; Gill et al. 1989; Al-Amoud 1995; Wu 1997; Kang and Nishiyama
1996; Kang et al.1996; Kang 2000), or design charts (Wu and Gitlin 1975), they neglect minor losses
due to emitter insertions in the lateral. Thus, they can only be applied when the emitter connections
do not significantly reduce the lateral cross section. However, although each individual emitter
usually only determines a slight local head loss (at insertion point), the sum of all local losses in a
lateral can become significant, especially when emitter spacing is very small resulting in many
emitters to be inserted along a drip lateral (Howell and Barinas 1980; Al-Amoud 1995, Juana et al.
2002a; Yildirim 2007; Rettore Neto 2009). In fact, many studies have recognized the need to account
for minor losses and the dependence of minor losses on the geometry of the emitters (Howell and
Barinas 1980; Provenzano and Pumo 2004; Palau-Salvador et al. 2006).

Palau-Salvador et al. (2006) proposed a procedure for calculating the local losses of on-line
emitters that depends on the number of emitters, the average emitter flow rate, and the ratio between

the area of the emitter’s protrusion and the cross-sectional area of the pipe. For on-line emitters,
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Rettore Neto et al. (2009) suggested a new method to estimate minor head losses within the emitters,
considering the obstruction determined by the insertion of the emitters and proposed an equation to
simplify the calculation of an emitter’s minor loss.

Yildirim (2010) proposed a simplified mathematical model based on the backward stepwise
procedure which incorporates simple theoretical expressions for three energy loss components (local
and friction losses due to emitters and pipe friction losses) to finally evaluate total energy losses along
a trickle lateral line with integrated in-line and/or on-line emitters. Zitterel et al. (2014) used
Buckingham’s theorem in a method to detect the variables affecting minor losses in the lateral due to
the flow passage of the emitter connectors. Juana et al. (2002a) suggested a procedure to analyze
minor losses at emitter insertions that is based on principles of fluid mechanics, which support
Bélanger’s expression, thus allowing more rational, vs. completely empirical, predictions than those
offered by other approaches.

Minor losses may be considered by applying the equivalent method (Watters and Keller 1978;
Chamba et al. 2019), which makes it possible to account for minor losses in terms of the equivalent
length, EL, of the drip lateral producing the same minor losses. For example, Watters et al. (1977)
introduced a table of equivalent lateral lengths to qualitatively estimate the size of the barb. Pitts et
al. (1986) used Watters and Keller’s (1978) data, who derived an equivalent length relationship as a
function of the lateral inside diameter, D (Table 1), to propose a new one based on the barb diameter,
Dy (for 3.8 < Dy < 7.6 mm) and lateral diameter, D (Table 1). These relationships could help account
for minor losses when applying the aforementioned analytical solutions. However, the previously
mentioned equivalent length formulae are empirical, thus they do not necessarily cover the entire
range of conditions in which the same formulae may be applied, and consequently, their extrapolation
could lead to erroneous results. As an example, Juana et al. (2002b) found a larger dispersion of LE
values when lateral head losses were small and that the inlet head, Reynolds number, and emitter

spacing did not show a clear effect on LE values.
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As an alternative to the equivalent method, minor losses can also be expressed in the classic
and more general form, as a fraction of the kinetic load, ou, obtained by the Reynolds similarity
principle, where the minor losses coefficient, o, depends on the geometric characteristics of the
emitter insertion point and the Reynolds number (Rettore Neto et al. 2009). However, the latter
procedure complicates the derivation of the aforementioned analytical relationships for the design of
micro-irrigation systems and until now has been poorly attempted. For integrated laterals, in which
coextruded emitters are installed inside the pipe, Provenzano and Pumo (2006) presented a power
relationship between the coefficient, o, expressing the amount of local losses as a fraction of the
kinetic head, and a simple geometric parameter characterizing the geometry of the emitter and the
pipe (Table 1). Provenzano and Pumo (2006) also compared their relationship with that previously
calibrated for on-line emitters (Bagarello et al. 1997), as a function of the pipe-emitter geometry, by
using experimental measurements (Table 1).

In conclusion, this feature is widely discussed and a general methodology to estimate minor
losses according to the equivalent method, which does not depend on self-calibration, has not yet
been found.

In this paper, first the relationship between the equivalent length and the minor losses
coefficient is theoretically derived and illustrated by varying the important design variables
influencing minor losses, i.e., the emitter flow rate, the inside pipe diameter, and the emitter spacing.

Second, a methodology suggesting how to extend the analytical relationships to design both
horizontal and sloped drip laterals is introduced, extending a previous procedure that was derived by
neglecting minor losses (Baiamonte 2018c) to one in which minor losses are considered.

Third, once this procedure has been derived, one of the objectives of this work is to also show
some applications of the extended procedure, when the coefficient ke and the exponent x of the emitter
flow rate-pressure head relationship are imposed as equal to the commercial specifications. Moreover,
the emission uniformity coefficient, EU, was linked to the pressure head tolerance, for any emitter’s

characteristics, facilitating the drip lateral design.
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Horizontal drip laterals

For an uphill drip lateral, by imposing the maximum pressure, hmax, at the inlet, and the minimum
pressure, hmin, at the distal end of the uphill lateral, and by considering minor losses, Baiamonte

(2018d) reported the following energy balance equation:

_r n n, 1
28h*n+nuSO—Hr(]u )K—(?u+7u+g]nua|_ Kxp =0 (1)

where & is the pressure head tolerance, h«, denotes the average (design) emitter pressure head, h, [m],

normalized with respect to the emitter spacing, S [m], r is the flow rate exponent of the flow resistance

formula, ny is the number of the emitters in the uphill lateral, Hr(;r) is the corresponding generalized
nu
harmonic number of order -r, truncated at ny equal to Hr(;r) =>1/k" IingeN.
k=2
In Eq. (1), K is a parameter that accounts for friction losses (friction head loss gradient) that
according to the Blasius’s resistance equations, is commonly used for smooth-walled polyethylene

pipe (Keller and Bliesner 1990), and can be expressed according to the monomial power-law:

2 r
_0.316-2°V2 o025 ay @)

S

K r
gm D

in which gn [m® s1] is the average (design) emitter discharge, D [m] is the inside pipe diameter, g [m
s?] is the acceleration of gravity, v = 1.008 10 m? s is the water’s kinematic viscosity at the
standard 20 °C water temperature. For the Blasius’s resistance equations considered here, r and s are

equal to 1.75 and 4.75, respectively.
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Minor losses in Eq. (1) are expressed by oK« (De Marchi 1954), i.e., the minor loss
coefficient o multiplied by the kinetic energy, KL, associated with gn, and normalized with respect
to the emitter spacing, S. Thus, for a design emitter flow rate, gn, flowing in the lateral, o K«_ can be

expressed according to the monomial power-law:

a8q2
o Kep =———4 3)
gn DS

For a = 0 the minor loss is zero and for o = 1, the minor loss is equal to the dynamic pressure
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 drip laterals where oy usually is in
the 0-0.7 range (Juana et al. 2002a; Y1ldirim 2007).

Eqg. (1) and Eq. (2) show that, for a fixed pressure head tolerance, &, the mathematical
formulation of the law of conservation of energy is satisfied, so that the pressure head variation (first
term) is balanced by potential energies (second term), friction (third term) and minor losses (fourth
term) variations.

For horizontal laterals, the energy balance equation can be rewritten following Eq. (1), by
relaxing the slope term and by replacing the number of emitters of the uphill lateral ny with nq,, which

denotes the number of the emitters when minor losses are considered:

3 2
_ n n n
25N, "Hr(wd,[) K—[ dS'L + "2~L + %’LJQL Kep =0 (4)

Therefore, when minor losses are considered, emitter spacing that is normally related to
agronomics and infiltration characteristics of soils (Baiamonte, 2020) is a scale factor of two terms

in the energy balance equation.
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Linking the minor loss coefficient ay, i.e., the Kinetic energy fraction accounting for minor
losses, to the equivalent length, requires denoting EL as the fraction of emitters (or of the lateral

length, Lg) when minor losses are neglected, ng, which are needed for the same minor losses:

Ng-Ng1  Lo-Lgo
EL= L : 5
” ’ (5)

where EL is the equivalent length fraction, Lq is the lateral length when minor losses are neglected
and Lgq,_is the lateral length when minor losses are considered, which for any S are associated with ng
and nq,L, respectively. Note that Lq — Lq, is the most common equivalent length expression, le, which
is usually used to account for minor losses (Juana et al., 2002a) by multiplying friction losses by (1
+1e/S) = (1 + (na — ng,L)), thus Eq. (5) could be used to determine le, accordingly.

Of course, if EL is known, Eq. (5) allows the determination of the number of emitters (and

therefore lateral length) when accounting for minor losses, nq,L:

ng . =ng (L—EL) (6)

and the corresponding lateral length, L4 = ng,. S. For horizontal laterals, nq can be determined for any
design parameter by using the solution reported in Baiamonte (2018c, 2018e), which is valid when

minor losses are neglected, as observed above:

1/(1+r)h3/(1+r) DS
n

r/(L+r)
n

N /(1+r)
Ng = 25

She, 1/ (1+r)
=1.85( < ] (7)

Indeed, for horizontal laterals, the design problem can be solved by just using Eq. (7) and considering

the emitters’ flow rate—pressure head relationship:
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where ke and x are the coefficient and the exponent of the emitters’ flow rate—pressure head
relationship. Therefore, the design problem only requires EL when minor losses are considered.
Before determining an explicit EL solution for any a. value, it is interesting to study the
relationship between EL and the minor losses coefficient, o, in dimensional terms by varying the
important design variables influencing minor losses, i.e., g, D, and the emitter spacing, S. Towards

this aim, substituting Eq. (3), Eq. (4), Eq. (6) and Eq. (8) in Eq. (2) gives the following implicit EL

relationship:
1/ x, -1/ x r 025 r _-s (-r)
) 320254 8y ke gm —0316-2J2v g DS H, () ) o
L =
2ny (L EL)? (1+ng @-EL))1+2ng @ -EL))

making it possible to plot the EL(cw) relationship for any 8, D, gn, S, ke and x. The EL vs. a coefficient
was graphed by assuming the common pressure head tolerance & = 0.1 (Singh et al. 2015) and the
drip lateral characteristics reported in Table 2 (#2), which pertains to TANDEM and JUNIOR® drip
laterals, made by IRRITEC.

Fig. 1 shows the relationships between the equivalent length, EL, and the minor losses
coefficient, a, for different emitter spacing, S, corresponding to a fixed D = 13.6 mm and for different
gn Values (Fig. 1a) and to a fixed g, = 2.1 I/h for different D values (Fig. 1b). Eq. (8) verifies that an
average emitter pressure hy = (2 gn ke ((1+38)* +(1-8))1)Y* corresponds to a fixed pressure head
tolerance, o, for any average gn. As expected, EL is zero for a. = 0, and then increases with a. For
fixed ar and D, EL increases with increasing qn and with decreasing S (Fig. 1a) and, for fixed o and

gn, EL increases with increasing D and with decreasing S (Fig. 1b). This D effect differs from what
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might be expected (smaller minor losses expected with larger D), however it is not surprising if we
consider that, when designing drip laterals according to the suggested criterion (hmax = (1+3) h, and
hmin = (1- 8) hn), for fixed gn, with increasing D, nq also increases with fixes S, which in turn causes
local losses and equivalent lengths to increase. According to Keller and Karmeli (1974), & = 0.1
implies a known emission uniformity coefficient, EU for horizontal laterals, depending on x, which
will be discussed later. An application was performed for o = 0.4, i.e. by assuming EL = 0.194 (Fig.
1).

Fig. 2 illustrates the pressure head lines derived by applying the SBS procedure a) for a. =0
and b) for o = 0.4, and by assuming L4 = 50 m (Eq. 7, for o = 0) and Lq =50 (1 - 0.194) =40.3 m
(Eq. 6, for a. = 0.4 and EL = 0.194).

The numerical SBS procedure was applied to test the consistence of the results obtained by
the suggested procedure (Sadeghi et al., 2015), allowing the verification of Eq. (9). In particular, if
minor losses are neglected (o = 0) in the lateral design (Eq. 7), the SBS procedure provides the
optimal drip lateral, whereas o = 0.4 results in a design in which the pressure head falls below the
allowable range (Fig. 2a). On the contrary, if minor losses are considered in the lateral design (for o
= 0.4, EL = 0.194), the SBS procedure for a. = 0.4 provides the optimal drip lateral, whereas o = 0,
provides an overestimation of pressure heads (Fig. 2b).

Although Eq. (9) gives results that are exact and consistent to what is expected, it can’t be
easily applied for practical applications, for which a o value is assumed and the unknown equivalent
length EL needs to be determined. In order to overcome this issue, Eqg. (2) may be rearranged as a
function of three groups of variables, a K= /K, dh«/K and ng, thereby allowing the number of design

variables to be reduced:

ke B[ZSK”— HrE;EI)—EL)j w0
" K 2(ng @—EL)P+3(ng @—EL)? + (ng (L—EL))
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For fixed nq values, i.e., for fixed oh=n/K (see Eq. 7), Eq. (10) was solved for EL values rounded
to one decimal place, and the corresponding o K«L/K parameters are reported in Table 3, which can
be used for practical purposes.

As an example, for the application illustrated in Fig. 2 (ng = La/S = 250), it can be verified that
oK« /K equals 0.233, which is close to the tabular value (o K+/K = 0.245), for which the
corresponding EL equals 0.2, which is close to EL = 0.194, as assumed above.

In order to implement the proposed procedure in the IRRILAB software application
(Baiamonte, 2018e), where minor losses are neglected, an EL calculus was extended to any fixed EL
value following an approximated procedure. It should be noted that the latter is required for
application purposes, for which EL rather than o, is the calculated variable, whereas Eq. (10)
provides o for any EL, according to an exact analytical solution. To make Eq. (10) explicit in EL,
the range of the group’s dh«/K and aK«/K parameters was considered according to Table 4,
covering a wide combination of different design variables.

For different ng values, Fig. 3 illustrates an interesting shape of the relationship between EL
and aK+/K, suggesting that these relationships could overlap if a K+ /K-shifted along the log axis.
If we use the o K«/K values for a high ng = 10000, (o K«L/K)10000, as a reference variable, the latter

can be determined for any a K+«/K, by shifting Log(aLK+1/K) according to:

(‘XLK*LJ :1OCH+Log(uLK*L/K)1 (11)
K 10000

where, for each ng value, the cy constant was determined by minimizing the standard error of the
estimate, SEE. Fig. 4a plots the relationship between EL and o K«L/K, shifted according to Eq. (11),
for different ng, indicating that the overlap is fine for low EL values and a bit worse for EL > 0.8.

However, by imposing a minimum nq = 15, the overlapping is fine in the entire EL domain as shown
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in Fig. 4b. The latter ng > 15 assumption, which is common in practice, was also imposed in
Baiamonte (2018c, 2018e) when deriving simple design relationships for the laterals as well for the
manifold, in order to provide very moderate errors in the design of the laterals and of the manifold
(<2.5%).

A simple linear regression between Log(ng) and the cn constant was performed (R? = 1) in
order to the derive the following relationship, which is necessary for the approximated design

procedure:

cy =0.244 Log(ny )—0.978 (12)

Eqg. (12) is plotted in Fig. 5a, together with the cy values obtained by minimizing the standard error
of the estimate, SEE.

Overlapping of the shifted EL(aK«L/K) curves for any nq, allows detecting an approximated
EL-aK+/K relationship by just considering the relationship for the reference variable
EL (o K+1/K)10000. A fitting of the EL vs. the (o K«L/K)10000 parameter to the derived EL function was
attempted by selecting the 3-parameter Fréchet distribution, also known as the inverse Weibull
distribution, which is a special case of the generalized extreme value distribution. The Fréchet EV2
was also used by Baiamonte (2017) to describe the best manifold position for drip laterals on concave
and convex slopes. The cumulative distribution function (Fréchet EV2, CDF) of the generalized form

that includes a location parameter p, and a scale parameter ¢ > 0, is written here:

EL =exp| — < ° for (mJ > (13)
(“L *L K J10000

—H
K leOOO
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where y > 0 is a shape parameter. In the case p = 0 Eq. (13) can be written as:

K v
EL = exp| — | —2~10000_ (14)
o KL 10000

By minimizing the standard error of the estimate, SEE, between theoretical and fitted EL values,
the parameters y, o and p reported in Table 5 were obtained. Table 5 also reports the y and &
parameters calculated in the case u = 0 (Eq. 14), which of course corresponds to a slightly greater
SEE than when p > 0 is assumed (Table 5).

As can be observed in Eq. (13) and Eq. (14), the Fréchet CDF satisfies the limiting condition,
EL ~ 1, for a ~ 0. Whereas for EL ~ 0, only Eq. (14) gives the expected condition oL = 0. However,
Eq. (13) corresponds to a lower SEE and for this reason will be considered in the following.

For different nqg, Fig. 4b plots Eq. (13), showing a good fit of the exact EL (o K«/K)10000
relationship. Thus, Eqg. (13) can be used to determine the EL value for a fixed (o K«/K)1i0000. In
conclusion, for an assigned nq value, Eq. (11) and Eq. (12) allow the determination of (o K«/K)10000
and cH, whereas an assigned o K«1/K, Eq. (13) allows EL to be calculated.

As an example, for the application illustrated in Fig. 2, for which ng = 250 (Eq. 7) and o K«./K
= 0.234 (Eq. 4 and Eq. 1), Eq. (12) and Eq. (11) give cq = -0.374 and (o K+/K)10000 = 0.099,
respectively. For the latter, Eq. (13) with the parameters reported in Table 5, gives EL = 0.207, which
is close to the exact EL previously calculated and also to the tabular EL.

The reliability of the suggested procedure to determine the EL was verified for any ng and
oaLK«mL/So values. For the same ng values (with ngme = ng (1-EL) > 15) and ouwK«mL/So ranges
considered in Fig. 4b (Table 4), covering most of the practical cases, Fig. 5b compares the exact EL

values with those calculated by using Eq. (13), with the (o K+«L/K)10000 Values and cH values calculated
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by using Eqg. (11) and Eqg. (12), respectively. The comparison showed a good agreement between
exact and approximated EL values (SEE = 0.0051, N = 798).

The median of the Fréchet CDF makes it possible to detect the EL(ouwK+/K)io000 Value

corresponding to EL = 0.5, (o K=L/K)10000™%"" | and has the following expression:

o K median o

LKsL

CTLSTI (15)
[ K leOOO {log2

Eq. (15) gives (ouwK«/K)10000™¥@" = 0.7687 and could allow the calculation of the median of the
EL (o K+L/K) function, (o K«/K)™d@" e, for any ng value, by inverting Eq. (12) and by using Eq.

(15):

o Ky \Me01N 0.244
(—LK*LJ =7.307ng (16)

Eq. (16) is tested in Fig. 3 where (o K+/K)™%@" values calculated by Eq. (16) are plotted (cross

symbols).
Sloped drip laterals

For paired sloped drip laterals, Baiamonte (2018d) showed that the best manifold position,
BMP = 0.24, which was derived under the Blasius resistance equation and by neglecting minor losses
Baiamonte (2018c), could also be used when minor losses are considered. Therefore, the energy
balance equation for the uphill-sloped lateral need not be considered and the simple optimal downhill

lateral design (BMP = 0), is only governed by three equations rather than four (Baiamonte 2018d).In



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

the following they are rewritten for any EL as a function of the groups of variables o K«./Sg, 5h«n/So,

and as a function of ng and imin:

K*L

5, " 0 a7

(M ey, ~20-0))r & ~24{ (00~ EL) P + (- EL) =i £ o

0

Rep . -r -r K (1, . . . K
285_0+|min_(H,(1d(1)E|_)_H,(1d(1)E|_)iminjS_O_(E('min_l)(Z'min_l)_nd(l_ ELX('min_l)_nd(l_ EL))J'min aLS_(:_ZO (18)

3 3 3 2 B .
ol e D) EL)%_[W b-c)P  (gb-eL)f  nat EL>}QL ke, 19)

where imin is the emitter at the downhill lateral for which the minimum value of the pressure head
occurs, counted from the inlet at the top of the lateral. Note that Eq. (22a) reported in Baiamonte
(2018c), linking 6h«n/Se and ng when minor losses are neglected, can be applied when minor losses

are considered according to the equivalent method, i.e. by replacing nq with nqg (1-EL):

s _ g (1-EL)
S, 5.8

(20)

For the sake of simplicity, since uphill laterals are not taken into account, the lateral slope in
Egs. (17, 18, 19 and 20) is assumed to be positive for downhill laterals, rather than negative, as in
Baiamonte (2018d). Note that in the same Eqgs. (17, 18, 19 and 20), with respect to horizontal laterals
(Eg. 10), the imin parameter must be considered, and as well as the fact that o K+ and dh«, is divided
by So, rather than by K as for horizontal laterals (Eq. 10).

Eq. (17), Eq. (18) and Eqg. (19) make it possible to plot the relationships between the involved
dimensionless groups, as illustrated in Fig. 6. In particular, by varying nq, Fig. 6a, Fig. 6b and Fig. 6¢

show EL vs. o K+/So, EL vs. 8h«n/Sp, and EL vs. imin relationships, respectively. For each nq value, in
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Fig. 6b the pairs (EL, dh=n/So) obtained by using Eqg. (20) are also reported (cross symbols), validating
the design relationship for sloped laterals, introduced in Baiamonte (2018c).

A good approximation of the imin relationship can also be obtained if one observes that the
curves plotted in Fig. 6¢ can be scaled with respect to those reported in Fig. 6b. The following

relationship was derived:

S,

imin = 2438 =
0

=0.436ng (1-EL) (21)

which, according to Eqg. (20) was also written as a function of ng. In the right hand term of Eqg. (21),
the influence of the lateral slope, So, on imin is not explicitly seen, but rather implied by the optimal
number of the emitters, nq, which in turn depends on So. Eq. (21) could be used in practice once nq
and EL are known, for controlling the most low-pressure sensitive emitter in the downhill lateral
where the minimum pressure head, imin, OCCUrS.

It is interesting to observe in Fig. 6a that EL(aK+L/So) relationships have the same shape of
those corresponding to horizontal laterals (Fig. 3). Similarly to the reliability test of Eq. (20), cross
symbols in Fig. 6¢ refer to the approximated imin Values calculated by Eq. (21), indicating that the
same relationship also produce results that are a good approximation of the exact ones obtained by
solving the system of Egs. (17-19).

Analogously to horizontal laterals, the relationships illustrated in Fig. 6a could overlap if
o K+ /So-shifted along the log axis. By once again assuming the o K«/So variable for nqg = 10000,
(aK+1/So)10000, @S a reference variable, the latter can be determined for any o K«L/So, by shifting

according to:

(OLLK*LJ :10cs+Log(aLK*L/SO) (22)
So 10000
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where for each nqg value, the cs constant was determined by minimizing the standard error of the
estimate, SEE. Fig. 7a plots the relationship between EL and o K+«/So, shifted according to Eq. (22),
for different ng, indicating that the overlap is fine for low EL values and gets a bit worse for EL > 0.8,
as it does for horizontal laterals (Fig. 4a). However, by once again imposing a constraint of nq values
greater than 15, the overlapping is fine in the entire EL domain, as shown in Fig. 7b.

Similarly to the case of horizontal laterals (Fig. 5), in order to derive an approximated design
relationship explicit in EL, a simple linear regression was performed between Log(nd) and the cs

constant:
cs =1.984 Log(ny )—7.947 (23)

A comparison between cs values obtained by minimizing the standard error of the estimate,
SEE, and Eq. (23) is plotted in Fig. 8a (R? = 1). A fitting of the EL vs. (owK+/K)10000 Was attempted

by selecting the 3-parameter Fréchet distribution:

()
((XLK*L

EL =exp| -
—u
So leOOO

(24)

where y,  and p parameters were obtained by minimizing the standard error of the estimate, SEE,
again between the theoretical and the fitted EL values, reported in Table 5. Contrarily to horizontal
laterals, it was found that the 2-parameter Fréchet distribution did not show a good fit, therefore only

the 3-parameters Fréchet distribution was considered. For the y, o and u parameters reported in Table
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5, Eq. (24) is plotted in Fig. 7b, showing a good fit (Table 5) and thus confirming that Eq. (24) can
be used to determine EL for any ng and ou K«L/So values.

Again, for ngL = ng (1-EL) > 15 and for aK«uL/So ranges (Table 4) considered in Fig. 7b,
covering most of the practical cases (Table 4), Fig. 8b compares the exact EL values with those
calculated by using Eq. (24), with (oK+L/So)10000 and cs values calculated by Eq. (22) and Eqg. (23),
respectively. The comparison showed a good agreement between exact and approximated EL values
(SEE =0.0049, N = 1533).

Analogously to horizontal laterals, the median of the EL(owK+L/So)10000 function,

(o K+L/S0)10000™%" was calculated as:

K median
OLL *LJ _ o
_ = = H+ (25)
( S0 J10000 Ylog2

providing (ouK+/So)10000™%" = 8.300-10%, which allows the computation, for any nq value, of the

median of the EL(auK+/So) relationship, (o K+/So)™%"", by inverting Eq. (23):

ol K median
0

Eq. (26) is tested in Fig. 6a where (ou K«/K)™4a" values calculated by Eq. (26) are plotted (cross
symbols).

In conclusion, according to the procedure introduced here, for a given fraction of the kinetic
load, au, the equivalent length accounting for minor losses can be calculated on a theoretical basis,
thus it is not affected by experimental calibrations. This latter feature makes it possible to extend the
use of analytical relationships used to design drip laterals presented in the literature, or the lateral

lengths suggested by the manufacturers, which are derived by neglecting minor losses, to the case in
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which minor losses are considered. Moreover, no iterative methods are required. Thus, the suggested
procedure is less time-consuming and less labor-intensive than other experimental alternatives and
offers a practical solution that is not affected by experimental calibration for laterals actually being

designed for use in irrigation subunits.

The emission uniformity coefficient, EU, for any éand x

The approximated solutions explicit in EL derived for horizontal and sloped laterals make it
possible to extend the design relationships derived in Baiamonte (2018d), that are valid when minor
losses are neglected, to the case in which minor losses are considered.

From a practical point of view, when emitter characteristics are established, it is useful to
show some applications of the extended procedure, when the ke and x coefficient are imposed, since
ke and x are derived by the original formula, i.e., by using g and h, analytical solutions (ke = gn/hn*®),
that cannot fit the commercial ke value. Indeed, the latter is a limitation in the methodology introduced
in Baiamonte (2018c).

Moreover, in the same paper, the emission uniformity coefficient, EU, linked to the pressure
head tolerance, 3, for x = 0.5 (cf. Fig. 9b in Baiamonte 2018a), needs to be extended to any x value.
Towards this aim, the same linear relationships linking the pressure head tolerance, 8, and EU (Keller
and Karmeli 1974), introduced in Baiamonte (2018a), have been considered. Furthermore, these
relationships, aside from x = 0.5, were derived by neglecting the manufacturing coefficient of
variation, Cy, and for a number of emitters per plant, n, = 1, according to different five lateral layouts.
In this section, & versus EU relationships will be extended to any Cy and np and x values.

The angular coefficient, mey, of & versus EU linear relationships (cf. Fig. 9b in Baiamonte
2018a) can indeed be used to extend the formulation to any Cy and np. Accordingly, the linear EU

versus o relationship was modified as follows:
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EU=|1-—2"|[1-1.27
u ( mEUj[ c,ny ) 27)

where mey is the angular coefficient, reported in Table 6, for different x values and for the layouts
considered in Baiamonte (2018a) (downhill, horizontal and uphill), and for different values of the
exponent x of the emitter g» vs hn relationship. The meu values were determined according to a desired

scaling exponent, x, and following the same EU relationship of Keller and Karmeli (1974), as:
Mey Z(mEu,o.s)ZX (28)

where meu,o5 is the angular coefficient of ¢ versus EU relationships for x = 0.5. Of course, for x =
0.5, mey values reported in Table 6 match with those of Baiamonte (2018a, Fig. 9b). Values of mey
that differ from those reported in Table 6 can also be calculated by using the fitting equations reported
in Fig. 9, as a function of the exponent x of the emitters’ flow rate—pressure head relationship, for
downhill, uphill and horizontal drip laterals.
For x = 0.5, for downhill laterals (mey = 2.53) and for horizontal laterals (meu = 3.53), Eq.
(27) is plotted in Fig. 10a and in Fig. 10b, respectively, with Cy ny®® as a parameter. As will be shown
later, knowledge of Eq. (27) and Eq. (28) makes it possible to calculate EU values for sloped and for
horizontal drip laterals designed for any emitter (ke, X) and for a fixed nq. Of course, the average gn,
which is linked to h, (Eq. 8) should not be confused with the mean flow rate that was considered in
the Keller and Karmeli (1974)’s EU relationship.
In the next two sections, several applications were performed for drip laterals in horizontal as
well in sloping fields, showing the reliability of the suggested new design procedure. The proposed
procedure will be verified by applying an exact numerical step-by-step (SBS) procedure, with the

additional aim of investigating the retained assumption from the aforementioned analytical solutions
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that the emitter flow rate variation along the lateral could be considered negligible (Baiamonte 2018c;

2018e).

Example applications for horizontal laterals

For horizontal laterals, let’s assume that gn is fixed and equal to the emitter flow rate reported
in the manufacturer’s catalogue, gcat (Table 1 and Table 6), although any gn» value could be fixed
depending on the many factors affecting soil permeability (Baiamonte et al. 2017). Assuming a
pressure head tolerance 6 = 0.1, for which according to x value (Table 1) and to any Cy and np, EU
could be calculated (Eg. 27). The number of emitters, nq, is fixed and equal to that reported in Table
6 (second column).

Once D, gn and are fixed, K can be calculated by using Eq. (3). Moreover, fixing S, nq and 6

makes it possible to calculate sh+n/K, by inverting Eq. (7):

1+r
Sy :[”_dj (293)
K 1.85

which makes it possible to determine hy:

1+r
hy, =S E(n_dj (29b)

1.85

Then, calculate o K«/K (EQ. 4), cH (EQ. 10) and (o K«1/K)10000 (EQ. 11), which in turn allows
EL to be determined (Eq. 13), thus nq. (EQ. 6) and Lq,L =g S.
The above steps were followed to obtain the design parameters reported in Table 7, where Cy

= 0 was assumed. The excessive h, values, obtained for application #1 and #5, suggested that the ng



509

510

o011

512

513

514

515

516

o17

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

value should be reduced, which allows a more feasible emitter pressure head, hn, to be obtained, as
reported in Table 7 (application #1bis and #5bis).

In order to test the consistence of the results reported in Table 7, Figure 11a plots the PHD
lines by applying the SBS procedure. Results showed that PHD lines achieve the theoretical minimum
pressure head h, (1-8), which are indicated by the dotted horizontal lines, as well as the theoretical
maximum pressure head (1 + 3) hn , which equals the inlet pressure head, hin.

Applications were also performed by assuming the exponent x of the emitter reported in Table
2 in the SBS, in contrast with what was assumed in the suggested procedure, where the emitter flow
variation was neglected. Fig. 11b showed that considering the emitter flow variation in the SBS
procedure (x > 0) provides a slight upshift of the PHD lines, which is more evident as the lateral
length increases. These results agree with Baiamonte (2018d, cf. Fig. 12 and Fig. 13), and confirm
that, for fixed and appropriately low pressure head tolerances, neglecting flow variation in the
approximate design procedure determines very moderate errors that are in the positive direction of
increasing the minimum allowable pressure along the drip lateral. Indeed, even slightly higher
pressure than the minimum, hn (1 — &), would favor the plants’ wellbeing in lateral designs because

an overestimation would not risk supplying less than the minimum water volume requirement.

Example applications for sloped laterals

For sloped laterals, combining Eq. (4a) and Eq. (4b) reported in Baiamonte (2018e) yields

the emitter flow rate, gn:

s/r  1/r

SHE]

On = (30)

Ny
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where o = 0.1791 and o’ = 19.028. Then, for a fixed oy, calculate o K+1/So and the corresponding
reference value, (o K+/Sp)10000, by using Eq. (4) and Eq. (22), respectively. The latter lets one
calculate EL by Eq. (24), and nq. by Eq. (6) and the corresponding L4, = ngL S.

For the selected parameters, a pressure head tolerance satisfying the characteristics of the
emitters (ke, X), 3, can be determined by combining Eqg. (8), Eqg. (20) and Eq. (30). An explicit Je

relationship was derived:

s (ke )" ong ¥ s@-EL) 31
e E Ds/rxsllrx—l ( )
0

Once the modified de, is known, the design emitter pressure head accounting for local losses, hnL can

be calculated by using Eq. (4b) reported in Baiamonte (2018c), after substituting e to 6 and ng = ng,.:

o = o Md.LSSo (32)

Of course, the inlet pressure head hin can be calculated by using Eq. (31) and Eq. (32), i.e., hin=(1 +
de) hn,L, whereas for 6 = 3¢ and for any Cy and ny, the corresponding EU can be calculated by Eq. (27).

Note that the adjustment of the emitter pressure head for sloped laterals is required (Eq. 32);
whereas it was not needed for horizontal laterals, where the design problem is governed by just one
condition.

For the same drip lateral characteristics considered for the horizontal case (Table 2),
applications were also performed for sloped laterals, assuming that nq is fixed and one wants to
determine the EU (for C, = 0). The corresponding results are reported in Table 8, whereas in Fig. 12,
following the same application numbering reported in Table 8, the pressure distribution line and

energy gradient lines are illustrated.
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For case #4, the emitters’ pressure head was too high (hn,L = 88.1 m), whereas the EU was too
low for case #5 (with negative emitters’ pressure heads, Fig. 12e), indicating that the emitter’s
characteristics and/or drip lateral diameter need to be changed and/or the lateral length needs to be
decreased. For these two cases, the drip lateral was redesigned by reducing the drip lateral length (see
#4bis and #5bis, in Table 8 and Fig. 12).

Table 9 illustrates the relative error (RE) of the maximum and minimum allowed pressure
heads, of the imin, and of the emission uniformity coefficient, EU, calculated by using the suggested
procedure, with respect to those calculated according to the SBS procedure, for each application.
Error analysis indicates that the suggested procedure is a good approximation of the exact one and
thus, it could be used to extend the previous solutions and the IRRILAB software application, where

minor losses were neglected, to the case in which minor losses are considered.

Summary

This paper extends recently introduced analytical relationships for designing drip irrigation
laterals and subunits the case in which minor losses are relevant and need to be considered, i.e., when
the morphology of emitter connections produces significant reductions of the lateral cross section.

Following the main finding, the most important results covered in this paper can be summarized
as follows:

e For a given fraction of the kinetic energy (i.e. minor loss coefficient) accounting for
minor losses, a theoretical methodology to derive the equivalent length, not affected by
calibration is suggested.

e For horizontal laterals, the relationship between the equivalent length and the minor
losses coefficient was studied by varying important design variables that influence

minor losses (the emitter flow rate, the inside pipe diameter and the emitters’ spacing).
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e For horizontal laterals, the small influence of the retained hypothesis to neglect emitters’
flow rate variations was shown.

e For both horizontal and sloped laterals, for a fixed emitter flow rate, inside pipe
diameter, emitters’ spacing, lateral length and slope, theoretically based relationships of
the equivalent length fraction as a function of the kinetic energy fraction were proposed.
Tabular equivalent length fractions and approximated relationships explicit in
equivalent length were reported, which could be simple to use for practical purposes.

e For any emitter’s characteristics (ke and x), manufacturing variation coefficient and
number of emitters per plant, a relationship between the emission uniformity coefficient,
EU, of Keller and Karmeli (1974), and pressure head tolerance, &, were suggested.

e Several applications were performed and tested by using the step-by-step procedure, for
fixed emitter’s characteristics (ke and x) and for both horizontal and sloped laterals,

showing the reliability of the extended formulas.

Data Availability Section

All data, models, and code generated or used during the study appear in the submitted article.
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Notation
CH [L] = shifting constant for horizontal laterals
Cs [L] = shifting constant for sloped laterals
Cv = manufacturing variation coefficient
D [L] = internal pipe diameter
De [L] = inner pipe diameter at the emitter section

Do [L] = size burb connection of the on-line emitter
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EL [-]

EU [-]

g [L/T?

hi [-]
hin [-]

hmin [L]

max [L]

hn [L]

hn,L [L]

hn [-]
H(.,.)
i [-]

imin [-]

ke (L3-x T-l)

K()
K (L)
Kst (-)

La [L]

La. [L]

Leq [L]
Mey
Meu 05
Nu [-]
Ng [-]

Na.L [-]

= equivalent length fraction

= emission uniformity coefficient of Keller and Karmeli (1974)
= acceleration of gravity

= pressure head at the emitter i

= inlet pressure head

= minimum allowed pressure head

= maximum allowed pressure head

= average (design) emitter’s pressure head

= adjusted nominal (design) emitter’s pressure head accounting for minor losses,

for sloping laterals
= dimensionless emitter’s pressure head
= generalized harmonic number

= generic emitter of the lateral counted from the manifold connection

= number of emitters in a downbhill lateral where the minimum pressure head occurs

= coefficient of the flow rate-emitters’ pressure head relationship

= friction loss parameter

= minor loss parameter

= dimensionless minor loss parameter

= length of the lateral by neglecting minor losses

= length of the lateral by considering minor losses

= equivalent length

= angular coefficient of 5 versus EU linear relationships depending on x
= angular coefficient of 5 versus EU linear relationships for x = 0.5

= number of emitters in the uphill lateral by considering minor losses
= number of emitters in the downhill lateral by neglecting minor losses

= number of emitters in the downhill lateral by considering minor losses



758  np[-] = number of emitters per plant

759 et [L3TY] = emitter discharge reported in the catalogue

760 on[L3TY = nominal emitter discharge

761 r = flow rate exponent of the flow resistance formula

762 s = inlet diameter exponent of the flow resistance formula
763  S[L] = emitter spacing

764 S [-] = lateral slope

765  x[-] = exponent of the flow rate-pressure head relationship
766  x[L] = distance measured from the lateral’s inlet

767 o [] = minor losses coefficient

768 o [-] = coefficient

769 o’ [-] = coefficient

770 (owK+/K) = group of variables for horizontal laterals depending on ng

771 (owK=/K)10000 = group of variables for horizontal laterals for ng = 10000
772 (owK«L/So) = group of variables for sloped laterals depending on nq

773 (owK+«L/So)10000 = group of variables for sloped laterals for ng = 10000

774 v[-] = shape parameter of the Fréchet EVV2 cumulative distribution
775 5[] = pressure head tolerance

776 de[-] = adjusted pressure head tolerance for sloping laterals

777  (8h+n/K) = group of variables for horizontal laterals depending on ng

778  (0h=n/K)w0000 = group of variables for horizontal laterals for ng = 10000

779 (8h*n/So) = group of variables for sloped laterals depending on ng

780  (8h«n/So)10000 = group of variables for sloped laterals for ng = 10000

781  ul[-] = location parameter of the Fréchet EV2 cumulative distribution

782 v [L2TY = kinematic water viscosity



783 o [-] = scale parameter of the Fréchet EV2 cumulative distribution
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Table 1 — Examples of calibrated relationships based on empirical data to determine minor losses as
a fraction of the kinetic load, o, or by the equivalent length method.

Authors type of relationship emitter’s sketch
emitters
1783 T & |
Provenzano and | integrated 0.056 DN\ 1 :| N D [ } ED
o a; =0. — —
Pumo (2006) in-line L . ¥ | Lo |
TN T TN TR Lv ]

1.29
Bagarello et al.

on-line aj,

168 (1) -1)

(1997)

Watters and on-line - 14.38
Keller (1978) e~ p189
Pitts et al. ) Dy,
(1986) on-line le =3-57756
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Table 2 — Drip lateral characteristics (inside diameter, D, catalogue emitter flow rate, qcat, coefficient,
ke, and exponent, x, of the emitter flow rate—pressure head relationship, emitters’ spacing, S), which
pertain to TANDEM and JUNIOR® drip laterals, made by IRRITEC, considered in the applications.

Emitter’s type # D (mm) Qeat (I/h) ke X emitters’ spacing, S (m)
1 1.6 0.57 0.46

Junior 2 13.6 2.1 0.66 0.5
3 3.6 1.13 0.5 0.2,0.3,0.4,0.5, 0.6,
4 17.6 1.6 0.57 0.46 0.75,1,1.25,15
5 1.5 0.41 0.57

Tandem 6 | 13 2.1 069 | 05




Table 3 — For horizontal laterals, equivalent length fraction, EL, rounded to one decimal place,
corresponding to the different parameters, ng, 6h*,/K and aK=/K.

4 X 4 X 4 X 4 X 4 X
3 < S < S 3 S 3 S 3
0.1 0.182 0.157 0.139 0.127 0.118
0.2 0.469 0.405 0.361 0.328 0.306
0.3 0.941 0.819 0.731 0.666 0.622
0.4 1.771 1.555 1.394 wn 1271 o 1.188
n 9 o & o & n Y S ®
05| = S 3.362 | & N 2990 | ;v 5 2694 ~ B 2.464 S 2.307
0.6 6.809 6.172 5.608 N 5151 ok 4.833
0.7 15.80 14.78 13.62 12.60 11.87
0.8 47.91 47.55 45.02 42.26 40.11
0.9 271.8 312.7 318.7 311.6 302.2
0.1 0.107 0.100 0.094 0.090 0.084
0.2 0.278 0.259 0.245 0.234 0.218
0.3 0.564 0.526 0.498 0.476 0.443
0.4 m  1.079 oo 1.006 in 0.953 g 0911 < 0.849
o A o I o & o o o o
053 3 2097 S & 1958 |@ P 1855 F 1774/ Q S 1.654
~ 0 | ® N
0.6 — 4.404 ™ 4115 ™~ 3.902 — 3.734 N 3.483
0.7 10.853 10.162 9.646 9.239 8.624
0.8 36.97 34.75 33.06 31.72 29.67
0.9 284.9 270.9 259.6 250.2 2354
0.1 0.079 0.072 0.067 0.060 0.056
0.2 0.206 0.187 0.174 0.157 0.146
0.3 0.419 0.379 0.353 0.319 0.297
m ) ~ =
0.4 ﬁ 0.804 E 0.727 o X 0.677 o g 0.612 o % 0.569
g Q o S © S W« S
0.5 R 9 1.565 R © 1416 | &6 ~ 1319/ o 1192| & 3 1.110
0 O — on i O N ~
0.6 < 3.298 S 2.985 S 2.780 R 2514 < 2.341
0.7 8.171 7.402 6.897 6.240 5.811
0.8 28.14 25.53 23.81 21.56 20.09
0.9 224.1 204.4 191.0 173.4 161.7




Table 4 — Minimum and maximum values assumed for the design variables and corresponding
dimensionless groups.

variable MIN MAX
Di (mm) 9 32
an (I/h) 1 50
K 3.30E-08 0.013
S (m) 0.2 3
K« 2.03E-09 0.012
) 0.05 0.2
oL 0 1
EL 0 0.99
hn 3 50
h+, 1 250
Oh+, 0.05 50
dh«n/K 3.89 1.52E+09
oK« /K 0 3.68E+05
So () 0.005 0.4
dh«n/So 0.125 10000
K/So 8.25E-08 2.57
aK=/So 0 2.43




Table 5 —For horizontal and sloped laterals, parameters, vy, ¢ and p, of the Fréchet (EV2) distribution
and the corresponding sum squares error, SSE, and standard error of the estimate, SEE.

lateral Y c h) SSE SEE
, 0.404 0.311 -0.002 | 0.005255 0.002706
horizontal
0.401 0.307 0.000 |0.005453 0.002914
sloped 0.529 4.260-10® -0.216-10® |0.001132 0.002385




Table 6 — Values of mey coefficient of Egs. (28), for the layouts considered in Baiamonte (2018a)
(downhill, horizontal and uphill), and for different values of the exponent x of the emitter g, vs hn
relationship.

Meu

X downhill laterals horizontal laterals  uphill laterals
0.1 12.45 17.47 10.16
0.2 6.25 8.76 5.11
0.3 4.18 5.86 3.42
0.4 3.15 4.41 2.58
0.5 2.53 3.53 2.07
0.6 2.12 2.95 1.74
0.7 1.82 2.54 1.50
0.8 1.60 2.23 131
0.9 1.43 1.99 1.17
1 1.29 1.79 1.06

Note: Bold values refer to x = 0.5 considered in Baiamonte (2018a, Fig. 9b).



Table 7 — For horizontal laterals, parameters’ values corresponding to the number of the application
indicated in the first column. Bold and underlined values refer to applications repeated, by varying
Nng, in the last two lines

# | ng (rL:) 5 qzl(/qr:;t) K Shen/K (:1”) K+ oK /K (aKi/K)ioooo | EL ngr  Lee  EU
1 (300 225.00.1 1.60 | 437E-06 1194982 39.20 6.36E-07 5.82E-02 2.46E-02 |0.068 280 209.8 0.974
2 | 250 50.0 0.1 2.10 | 7.04E-06 723790 10.19 4.11E-06 2.34E-01 9.45E-02 [0.201 200 39.9 0.972
3 200 100.00.1 3.60 | 1.81E-05 391841 35.42 4.83E-06 8.026-02 3.07E-02 |0.084 183 91.6 0.972
4 |500 100.0 0.1 1.60 | 1.29E-06 4869061 12.52 8.51E-07 3.31E-01 1.59E-01 |0.271 364 72.9 0.974
5 |1000500.0 0.1 1.50 | 3.91E-06 32755011 639.8 8.39E-07 1.72E-01 9.75E-02 [0.205 795 397.4 0.968
6 |250 12500.1 2.10 | 7.04E-06 723790 25.47 1.64E-06 9.34E-02 3.78E-02 |0.101 225 112.4 0.972
1bis| 230 172.50.1 1.60 | 437E-06 575479 18.88 6.36E-07 5.82E-02 2.31E-02 |0.063 215 161.6 0.974
Sbis| 200 100.0 0.1 1.50 | 3.91E-06 391841 7.65 8.39E-07 1.72E-01 6.58E-02 |0.158 168 84.2 0.968




Table 8 — For sloped laterals, parameters’ values corresponding to the number of the application
indicated in the first column. Bold and underlined values refer to applications repeated, by varying
ng, in the last two lines.

Lg On aKi#/So La,L hn,L
m | wmy S 0000 EEMY ) 8 (m) BV

0.75 | 0.05 300 225.0|1.98 7.77E-06 7.24E-09 0.11 268 200.7 0.120 149 0.96
0.20 | 0.10 300 60.0 | 2.94 3.22E-05 3.00E-08 0.31 206 41.2 0.037 19.8 0.99
0.50 | 0.15 200 100.0|5.55 2.30E-05 9.59E-09 0.14 172 86.2 0.096 24.2 0.96
0.20 | 0.15 500 100.0|4.47 2.22E-05 5.69E-08 043 284 569 0.017 88.1 0.99
0.50 | 0.07 1000 500.0 | 0.72 2.20E-06 2.24E-08 0.26 738 369.0 1.728 2.7 0.23

6 |050|0.10 250 125.0|3.52 1.85E-05 1.20E-08 0.17 208 104.1 0.071 26.1 0.97
4bis | 0.20 [ 0.15 900 180.0 | 2.49 6.84E-06 5.64E-08 0.43 513 102.7 0.112 24.6 0.96
S5bis | 0.50 | 0.07 350 175.0 | 2.05 1.80E-05 2.27E-08 0.26 257 128.7 0.096 17 0.96

u b W N




Table 9 — For sloped laterals, relative error (RE) of the maximum and minimum allowable pressure
heads, of the imin, and of the emission uniformity coefficient, EU, calculated by using the suggested
procedure, with respect to those calculated according to the SBS procedure, for each number of the
application reported in the first column.

hn L* hmax hn L* hmin RE imin RE EU RE
# ’ RE (% ! imin EU
(143)  (m) @ 1) m ) (Eq.21) (%) (Eq.27) (%)

16.73 16.66 0.00 | 13.13 13.05 -0.01 | 118 117 -0.01| 0.94 0.96 0.01
20.55  20.67 0.01 | 19.07 19.13 0.00 | 87 90 0.03 | 0.98 0.99 0.00
2648  26.53 0.00 | 21.85 21.86 0.00 | 75 75 0.00 | 0.95 0.96 0.01
89.67 89.97 0.00 | 86.62 86.74 0.00 | 119 124 0.04 | 0.99 0.99 0.00
7.30 7.69 0.05 | -1.95 -1.88 -0.04 | 316 322 0.02 - 0.23 -
6 |2796 2736 -0.02 | 24.23 2369 -0.02 | 94 91 -0.03 | 0.96 0.97 0.01
4bis | 27.32  27.76 0.02 | 21.80 21.93 0.01 | 216 224 0.04 | 0.95 0.96 0.01
Sbis | 18.50 18.71 0.01 | 15.27 15.37 0.01 | 110 112 0.02 | 0.94 0.96 0.01

u A W N R
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Figure Caption List_ REV2

FIGURE CAPTIONS

Fig. 1 — For horizontal laterals and for different emitter spacing, S, relationship between the
equivalent length fraction, EL, and the minor losses coefficient, oy, corresponding to the indicated
design parameters values a) for fixed D = 13.6 mm and for different g, values and b) for fixed g, =

2.1 1/h and for different D values. Black dots correspond to the example application.

Fig. 2 —For horizontal laterals, a) for o, = 0 and b) for o, = 0.4, and for the other parameters indicated
in the text boxes, pressure head lines derived by applying the SBS procedure and by assuming in
both cases o = 0 and o, = 0.4 (see the legend). To o = 0.4 and EL = 0.2 (Leq = 9.7 m, Figure 1b)

correspond the black dots illustrated in Figure 1.

Fig. 3 — Relationship between the equivalent length fraction, EL, and oK+ /K, for different nq (i.e.

8h+/K). Cross symbols are the median ouK+/K values, (ouK+/K)™e%2" calculated by Eq. (16).

Fig. 4 — For horizontal laterals with different ng values, equivalent length fraction, EL, versus
(0uK+/K)10000 parameter a) for ng; > 0 and b) for nq. > 15. Figure 4b also shows the corresponding

EL obtained by using the Fréchet (EV2) distribution (Eq. 13, cross symbols).

Fig. 5 — a) Relationship between cy parameter and nq4 (Eq. 12) and b) comparison between the exact
EL with that calculated according to the Fréchet (EV2) distribution (Eq. 13), with cy calculated

according to Eq. (12) (Figure 5a).

Fig. 6 — For sloped laterals with different nq values, equivalent length fraction, EL, a) versus oy K+/So

parameter, b) versus 6h«,/Sp parameter and c) for the emitter where the minimum pressure head



occurs, imin. Figure 7b and Figure 7c also show the corresponding EL obtained by using Eq. (20).

Crosses in Figure 7a are the median ouK+/So values, (oiK+/So)™e%2", calculated by Eq. (26).

Fig. 7 — For sloped laterals with different ng values, equivalent length fraction, EL, versus
(0iK#/So0)10000 parameter a) for nq; > 0 and b) for ng,> 15. Figure 4b also shows the corresponding

EL obtained by using the Fréchet (EV2) distribution (Eq. 24, cross symbols).

Fig. 8 — a) Relationship between cs parameter and nq (Eq. 23) and b) comparison between exact EL
with that calculated according to the Fréchet (EV2) distribution (Eq. 24), with cs calculated according

to Eq. (23) (Figure 9a).

Fig. 9 — Relationship between the mgy coefficient of Eq. (28) as a function of the exponent x of the

emitter flow rate-pressure head relationship, for downward, upward and horizontal drip laterals.

Fig. 10 — For different C, n,®> and for x = 0.5, pressure head tolerance, §, as a function of the
emission uniformity of Keller and Karmeli (1974), EU, a) for downhill laterals and b) for horizontal

laterals, according to Eq. (27).

Fig. 11 — For horizontal laterals and for the design parameters reported in Table 7, PHD lines by
applying the SBS procedure a) by assuming the exponent x = 0 and b) by assuming x > 0. Dotted

horizontal lines refer to the theoretical minimum pressure value h, (1-9).

Fig. 12 — For sloped laterals, application of the suggested procedure for the selected parameters

reported in Table 8.
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