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ABSTRACT: For reducing fixed and operational costs in pressurized irrigation systems, thin-walled
polyethylene pipes with laser-perforated orifices are manufactured to operate under low pressure (up to 100 kPa).
Hydraulic characterization of these materials is essential for designing irrigation systems. Considering the
material elasticity and the thin wall thickness (about 200 um), the internal diameter of these pipes may vary
according to the operating pressure, resulting in changes of head losses. The purpose of this study was to
analyze the head loss in flexible pipes with laser-perforated orifices, and to estimate the maximum length
of laterals based on criteria of water distribution uniformity. Non-perforated pipe samples were tested to
obtain equations of friction loss. Equations were fitted as a function of flow rate and pressure head at the pipe
inlet, and, alternatively, the Darcy-Weisbach equation was modified considering the diameter expressed as a
power-law function of pressure head. The equation of head loss as a function of flow rate and pressure head
provided proper estimations and considered effects related to changes in the diameter of plastic pipes due
to variations in the pressure head. The Darcy-Weisbach equation can be employed for estimating head loss
in flexible pipes, whose diameter varies due to pressure, but the diameter must be calculated as a function of
the pressure head at the lateral inlet.
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Perda de carga em tubos de polietileno de parede fina
para irrigacdo perfurados a laser

RESUMO: Para reduzir custos fixos e operacionais em sistemas de irrigacdo pressurizados sio produzidos
tubos de polietileno com pequena espessura de parede, com orificios de descarga perfurados a laser, que
operam a baixas pressdes (até 100 kPa). A caracterizacdo hidraulica desses materiais é essencial para o
dimensionamento dos sistemas de irrigacdo. Dada a elasticidade do material de fabricagdo e a fina espessura
de parede (aproximadamente 200 um) dos tubos, o didmetro interno pode ser alterado em fungéo da pressdo
de operagio, provocando variagdes na perda de carga. O objetivo deste trabalho foi analisar a perda de carga
em tubos de polietileno flexiveis perfurados a laser e expressar o comprimento maximo dessas tubulagdes em
funcio de critérios de uniformidade de distribui¢éo de agua. Utilizaram-se amostras de tubos ndo perfurados
para determinar as equagdes de perda de carga. Ajustaram-se equagdes em fun¢ao da vazido e da carga de
pressdo na entrada do tubo e, alternativamente, ajustou-se a equagao de Darcy-Weisbach, com o didmetro
expresso em func¢do da carga de pressdo por um modelo potencial. A equagio de perda de carga em fungio
da vazdo e da carga de pressdo fornece estimativas adequadas e inclui efeitos de varia¢do do didmetro dos
tubos plasticos devido a variagdes na carga de pressio. A equagiao de Darcy-Weisbach pode ser utilizada para
o célculo da perda de carga em tubos flexiveis, cujo didmetro varia com a pressdo, desde que o didmetro seja
expresso por uma func¢io da pressio de entrada da lateral.

Palavras-chave: pressio de operagio, variagido do didmetro, dimensionamento, linha lateral
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INTRODUCTION

The design of irrigation laterals uses criteria to achieve
high uniformity of water distribution (Perboni et al., 2015).
For pipes with fixed diameter, the objective in the project is
to determine the maximum length of the pipe. Usually, the
designers of the irrigation system utilize head loss equations
existing in the literature, considering the internal diameters
of the pipes informed by the manufacturers. Thin-walled
polyethylene pipes with laser-perforated orifices are produced
with flexible plastic materials, and their diameter may change
due to pressure variations along the lateral line (Andrade, 1990;
Vilela et al., 2003; Provenzano et al., 2016). Such alteration of
diameter influences the head loss and may lead to alterations
in the hydraulic conditions of the system.

Frizzone et al. (1998) studied head loss in thin-walled
flexible polyethylene drip tapes and demonstrated variation in
pipe diameter and head loss with inlet pressure and its influence
on the calculation of the maximum length of the lateral line.
Considering the importance of the variation in the diameter
of polyethylene pipes as a function of the operating pressure,
Rettore Neto et al. (2014) developed a model to determine head
loss along elastic pipes, introducing in the universal equation
the elasticity modulus of the material used to manufacture
the pipe.

This study aimed to analyze head loss in thin-walled flexible
polyethylene pipes, with laser-perforated orifices, and express
the maximum length of these pipes as a function of criteria of
water distribution uniformity.

MATERIAL AND METHODS

The study was conducted at the Laboratory of Irrigation
of the “Luiz de Queiroz” College of Agriculture, University of
Sao Paulo (Piracicaba, SP, Brazil). Tests were conducted with
the Santeno’ I model to determine head loss in the flexible
pipe without orifices. Rolls of this material without orifices
were obtained with the manufacturer. The Santeno™ I model
is a low-density linear polyethylene pipe, manufactured from
virgin raw material, with discharge orifices perforated by laser.
According to the manufacturer, this pipe produces micro-jets
of water aimed upwards (85° relative to soil surface), irrigated a
2.5 m strip, with the following technical characteristics: service
pressure from 20 to 80 kPa, 0.15 m distance between pairs of
emitters, orifice diameter of 0.30 mm, pipe nominal diameter
of 0.028 m, wall thickness of 200 pm (8 mil) and micro-jets
with height of 1.80 m.

The experimental procedures to determine the continuous
head loss were carried out using an automated test bench,
developed and validated by Bombardelli et al. (2017). The
tests were conducted at the laboratory using 22 m of flexible
pipe without orifices. Test pressures were created by a motor
pump equipped with a frequency inverter and Proportional-
Integral-Derivative (PID) controller. In addition, the bench has
a micro-controlled electronic circuit managed by a supervisory
application, and this system was used to acquire data of sensors
and control the process related to the tests. The bench was
validated based on stability tests and charts used in statistical
process control (Bombardelli et al., 2017).
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Head loss equations were obtained for the inlet pressures of
49.0, 58.8, 68.6, 78.4, 88.2 and 98 kPa. For each test pressure,
head loss was obtained with increasing and decreasing flow
rates, at increments of 0.2 m® h™. Twenty pairs of flow rate-
pressure values were defined in each cycle of test. Thus, curves
relating flow rate-head loss were fitted with 40 pairs of values
for each inlet pressure. To ensure accuracy and stability in the
control of test pressures, the pressure control system operated
in closed loop using PID control. Flow rate was monitored
using an electromagnetic flow rate meter, brand Krohne’, model
IFC 010 D, with resolution of 1 x 102 m? h™', flow rate range
from 0 to 4 m* h' and expanded uncertainty of 0.5% of the
full-scale range (FSR). This instrument was installed upstream
the evaluated pipe. The pressure drop caused by the flowing
through the pipe was measured by a differential pressure
transmitter, brand Novus’, model NP800H, with resolution
of 1 x 10 kPa, measurement range of 1-100 kPa, accuracy of
0.075% informed by the manufacturer.

Water temperature was monitored by a temperature
transmitter, brand Ziirich®, model TZD 420, with resolution of
0.1 °C, measurement range between 0 and 50 °C, measurement
uncertainty of 0.5% FSR. During the tests, the mean water
temperature was 25 °C with mean variation range of + 2 °C. The
correction of the water density as a function of temperature,
specified for the atmospheric pressure of 101.3 kPa and
gravitational acceleration 0f 9.807 m s2, was performed according
to Tanaka et al. (2001). At 25 °C, water density is 997.0 kg m~ and
its dynamic viscosity is 8.903 x 10* N's m?, whose ratio results
in the kinematic viscosity of 0.893 x 10° m?s™.

The general equation to calculate unit head loss in circular-
section pressurized pipes, for uniform permanent flow, can be
synthesized by Eq. 1 (Swamee & Swamee, 2007):

I=k, Q (1)
D

where:

] - unit head loss of the flow, m m;

Q - flow rate in the pipe, m’ s’;

D - pipe internal diameter, m;

k- combined coefficient of units and roughness for a
particular formula of head loss;

m - exponent of velocity or flow rate for a particular

formula of head loss (m = 1 for laminar flow and m = 2 for
full turbulent flow in the Darcy-Weisbach equation); and,

n - exponent of internal diameter in the head loss
equation (n = 4 for laminar flow and n = 5 for full turbulent
flow in the Darcy-Weisbach equation). Generally n = m + 3.

Considering pipe diameter as constant, the relations
between flow rate and head loss were studied for each one
of the six inlet pressures. Regression analysis was used to fit
empirical equations of unit head loss as a function of flow rate,
in the power-law form (Eq. 2):

J= szm (2)
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where:

] - unit head loss, m m;

Q - flow rate in the pipe, m* s

k, - regression constant depending on the studied pipe;
and,

m - regression constant depending on flow regime.

Assuming that pipe diameter (D) increases with the
pressure head at the pipe inlet (H ), according to a power-law
model (D = C H ?), and that the head loss (]) decreases as the
diameter increases, an equation of head loss for the uniform
permanent flow was fitted, in the form of Eq. 3:

J=aQ"Hy’ (3)

where:

] - unit head loss in the pipe, m m;

Q - flow rate in the pipe, m*h';

H, - pressure head at the pipe inlet, mwc;

s - coeflicient expressing the effect of inlet pressure on
the pipe internal diameter (s = n p);

p - empirical exponent of H in the power-law model
for estimating D as a function of H;

m - exponent of the flow rate characterizing the flow
regime;

a - coeflicient of adjustment for a particular pipe (a =
k c™); and,

¢ -coeflicient of proportionality in the power-law model

for estimating D as a function of H .

A lateral line of irrigation has lateral outlets and the flow
is spatially variable and permanent. Since the flow rate along
the lateral is continually reduced with distance (or at each
derivation), the head loss also decreases. To calculate head loss
in the pipe with continuous flow rate distribution, it is common
to use a head loss factor (F), approximated by Eq. 4 (Yildirim &
Agiralioglu, 2004; Pinto et al., 2014), in which o is a parameter
that expresses the concept of non-uniform flow rate from the
laterals along the pipe and m is the flow rate exponent, which
varies according to the head loss equation used. In the studied
case, it is reasonable to assume a = 1, because the number of
lateral outlets, spaced by 0.15 m, is very high and it is supposed
that, for an acceptable low variation of flow rate along the
lateral, the distributed flow rate can be considered as constant.

Fo 4)

om+1

Head loss (h, mwc) along a lateral line of irrigation with
length L (m) can be calculated by Eq. 5.

h, =aQ"H,'FL (5)

The variables that describe the flow in a pipe are: flow
rate, Q (m’ s*); pipe internal diameter, D (m); pipe length L
(m), friction factor (f), which depends on the roughness of
the pipe internal surface € (m) and on the Reynolds number
(R); and head loss h. (m). These variables are related by the
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Darcy-Weisbach equation, which combined with the continuity
equation, results in Eq. 6 (Lahiouel & Lahiouel, 2015):

8fQ°L
=== 6
"ongD’ (©)
where:
g - gravitational acceleration, m s and,
f - friction factor which depends on R and .

Polyethylene pipes have small roughness (¢ = 8.116 um,
Rocha et al,, 2017) and, given the practical limits of flow
velocity adopted in the dimensioning of lateral lines, the
predominant flow regime is hydraulically smooth and,
consequently, f depends only on R. The Reynolds number, R,
is calculated by Eq. 7:

_4Q
R= 3D @

where:
9 - kinematic viscosity coefficient of the fluid, m? s™.

For hydraulically smooth turbulent flow, the friction factor
t is generally calculated by the Blasius equation or by similar
equations (Eq. 8), specifically obtained for small-diameter
polyethylene pipes (Bernuth & Wilson, 1989; Juana et al., 2002;
Provenzano & Pumo, 2004; Cardoso et al., 2008):

k

where:
k - constant.

For rigid smooth pipes, Blasius proposed k = 0.316. For
flexible polyethylene pipes, with wall thicknesses of 150, 200
and 250 pm (6, 8 and 10 mil), the studies of Provenzano et al.
(2016) indicated k = 0.285. Cardoso et al. (2008) indicated
k = 0.300 for polyethylene pipes of small diameter and wall
thickness of 900 pum (36 mil).

Comparing the experimental equation of head loss (Eq. 3)
with the Darcy-Weisbach equation, with f expressed by Eq. 8,
k=0.285g=9807 ms*% n=3.14and Y = 0.893 x 10° m? s7,
leads to Eq. 9:

1.75
6.823x10™ % =aQ"H,’ 9)

Eq. 9 was used to estimate the mean equivalent diameter of
the pipe (D, m) as a function of pressure head at the pipe inlet
(H,, m) for known flow rates, contained within the interval of
the experimental flow rates, and fitting a power-law relation
of D as a function of H, for 5 <H <10 m.

Based on the Darcy-Weisbach equation with friction factor
fdefined by Eq. 9 and diameter expressed as a function of inlet
pressure, an equation of continuous head loss in the Santeno
pipe was proposed (Eq. 10):
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Q1.75

(CHS )4.75

for 4000 <R < 10°and 5 < H < 10 mwc.

The maximum length of the lateral line was calculated
using the criterion of maximum flow rate variation. A simple
range of variation between maximum and minimum flow
rates (Eq. 11) is a relevant uniformity criterion used for a
project of lateral line (Wu, 1997; Yildirim, 2007). Values of
10% or lower are considered as desirable; values from 10 to
20% are considered as acceptable and values higher than 20%
are unacceptable (Bralts et al., 1987; Sadeghi et al., 2015). For
localized irrigation, Frizzone et al. (2012) recommend values
of 10% for an irrigation subunit and 5% for the lateral line.
The maximum flow rate variation allowed in a lateral line
corresponds to a maximum variation of pressure head (Eq. 12).

J=6.823x10™" (10)

qmax B qmin
qmax
H -H_
Hvar — max min (12)
Hmax
where:
q, - flow rate variation allowed in the lateral;
H - pressure head variation allowed along the lateral;

q,, -emitter flow rate under maximum pressure head; and,
q,,, -emitter flow rate under minimum pressure head.

Assuming a power-law model for the relation between flow
rate and pressure of the orifices, the relation between H_ and
q,,, is expressed by Eq. 13:

H, =1-(1-q,,)" (13)
where:
x - exponent of orifice flow in the flow rate-pressure
relation.

For zero-slope lateral line, the maximum pressure head
occurs at the beginning of the line and the minimum head at
the end; therefore, the maximum head loss allowed in this line
is given by Eq. 14:

h H__-H

falld — lmax min (14)
Comparing Eqgs. 12 and 14 and substituting H__ for H_

results in the head loss allowed in the lateral (Eq. 15):

hfalld = HvarHo (15)
The mean pressure head (H, _,, m) in the zero-slope lateral

line is expressed by Eq. 16 (Anyoji & Wu, 1987):

m+1

Hmean = HO - (_J hfalld
m+2

(16)
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where:
m - exponent of flow rate in the head loss equation.

After knowing the mean pressure head, the mean flow
rate of the pairs of orifices (q_ , m’s™) along the lateral was
calculated using the flow rate-pressure relation of the pairs of
orifices developed by Melo et al. (2017) for Santeno I pipe:
q =6.713 x 10 P***! where q is the flow rate in m® s' and P
is the pressure in kPa.

Comparing Eqs. 5 and 15 and performing the necessary
transformations allowed the calculation of maximum length
for the zero-slope lateral line using Eq. 17:

ne
L = {M:Imﬂ

L adnHY )
where:
L .. - maximum length of lateral line, m;
h, ,, - maximum head loss allowed along the lateral line, m;
S, - spacing between pairs of orifices, m;
q,.., - mean flow rate of the pairs of orifices, m* s
H, - pressure head at the lateral line inlet, m;
a - coefficient of adjustment of Eq. 3;
m - exponent of flow rate in the head loss equation; and,
s - exponent of pressure head in Eq. 3.

For each maximum length, the uniformity of emission of
the lateral line was obtained considering only hydraulic effects
(UE,
indicate possibility of a uniform irrigation (Barragan et al.,
2006; Frizzone et al., 2012).

=4q,_/q,..)> whose value must be higher than 95% to

RESULTS AND DISCUSSION

In the analysis of head loss in the pipe without orifices, at
each one of the six pressure heads tested, fitted equations were
obtained to calculate head loss (J, m m™') as a function of flow
rate in m® s (Table 1), and R? values > 0.998 were obtained
in the fitting. These equations reveal reduction of head loss in
the pipe with the increase in pressure head, which indicates
an increment in internal diameter. The coefficient k, (Eq. 2)
decreases at mean rate of 2344.4 s> m* for every 1 m increase
in the pressure head. Significant increases in the diameter
of flexible polyethylene pipes with the increase in operating
pressure were observed and studied by Frizzone et al. (1998),
Vilela et al. (2003), Rettore Neto et al. (2014) and Provenzano
et al. (2016).

Table 1. Equations of head loss (m m™) as a function of flow
rate (m? s'), for the Santeno I pipe

Inlet pressure Flow rate interval  Head loss equation

2
(kPa) (m° ) (mm) R
490  062x109—143x10° J=60670.35 ¢  0.9999
588 0.64x109-145x10° J=60031.98C 0.9997
686  063x10°—145x10° J=5785045C 0.9977
784 0.62x109-145x10° J=54113.44C 0.9997
882  063x10°-144x10° J=53484.28C¢ 0.9997
980  060x10°—145x10° J—48935.24(  0.9991
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The experimental data of head loss (J, m m™) were also
fitted as a function of flow rate (Q, m* s*') and inlet pressure
(H,, m), obtaining Eq. 18 with root mean square error (RMSE)
of 0.00197. According to Ali & Abustan (2014), RMSE must
tend to zero to indicate a good fit.

J=97265.791Q°Ho"*”  R* =0.9856 (18)
where:
] - unit head loss, in m m%;
Q - flow rate, in m3s’; and,

H, - pressure head at the pipe inlet, in m.

Figure 1 presents the agreement between the head
losses observed in the tests and those estimated by Eq. 18,
experimentally fitted. For the data set used, it can be noted
that the pairs of points are well distributed around the 1:1
line. The estimates show good precision, with high Pearson
correlation coefficient (r = 0.9856) (Ali & Abustan, 2014) and
good accuracy, with high Willmott’s index of agreement
(d = 0.9887) (Wilmott, 1981).

The cumulative frequency distribution of the relative errors
found in the adjustment of the model revealed that 95% of the
estimates showed relative errors of up to 6.5%. Relative errors
of up to 5% occurred with frequency of 92%. The low values
of relative errors reveal good prediction ability of the model.

Comparing the Darcy-Weisbach equation, with f calculated
by Eq. 8, and the Eq.18 leads to Eq.19.

1.75
6.823%10° L = 97265.791Q°H.">"

475
D

(19)

from which pipe diameter (D) was expressed as a function of
the inlet pressure head (H ) and flow rate (Q) (Eq. 20):

1
D =(7.015x107°Q " ¥ )75 (20)

Eq. 20 was used to calculate the mean internal diameters
of the pipe as a function of the inlet pressures for the interval
of experimental flow rates, establishing the power-law relation

between mean internal diameter D (m) and the inlet pressure
head H, (m) (Eq. 21).

0.10
= F r=09856
= 008 f
) F d=09887
% 0.06 § Ay
E [
= 004
3 L
= r
S 002
a [
0 T T T T
0 0.02 0.04 0.06 0.08 0.10

T observed (m m1)
r - Correlation coefficient; d - Willmott’s index
Figure 1. Agreement between head losses observed and head
losses calculated by the fitted equation (Eq. 18)
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D=272x10"H>"*  R?=0.9529 (21)

Andrade (1990), Frizzone et al. (1998) and Vilela et
al. (2003) also found increase in the internal diameter of
polyethylene pipes with the increase in operating pressure,
according to a power-law relationship. Even at the operating
pressure head of 50 kPa, the internal diameter estimated for the
pipe (0.0302 m) is greater than the mean diameter informed
by the manufacturer (0.028 m).

If the parameters of Eq. 21 are entered in Eq.10, the head
loss for the Santeno pipe can also be expressed, alternatively,
by the Darcy-Weisbach equation with friction factor calculated
by Eq. 8 and diameter adjusted as a function of inlet pressure
(Eq. 22):

J=18611.144Q""H.**" (22)

Figure 2 shows the agreement between unit head losses
observed and head losses calculated by Eq. 22, for a set of
values of flow rate and inlet pressure head. It can be seen an
acceptable adherence between the calculated and observed
unit head losses (r = 0.9132 and d = 0.8898). For the observed
J values lower than approximately 0.45 m m™, the head losses
were overestimated by Eq. 22, whereas for values higher than
0.058 m m!, the head losses were underestimated. This fact
may be associated with the uncertainties in the estimation of
the relation D(H, ) and also in equation to estimate the friction
factor. However, the values of r and d indicate that Eq. 22 can
be a reasonable alternative to Eq. 18. The cumulative frequency
distribution of the relative errors indicated that 95% of the
estimates showed relative error of up to 13.5 and 75% of the
estimates had relative errors lower than 5%.

Table 2 presents an application of Eq. 18 in the calculation of
the maximum length of lateral lines using Santeno I perforated
pipes, at zero slope. Maximum variations in emitter flow rate
(q,,) of 4, 6, 8 and 10%, and inlet pressures of 49.0, 58.8, 68.6,
78.4, 88.2 and 98.0 kPa were used. Eq. 17 was used with the
following parameters of Eq. 18: a = 97265.791; s = 0.279, m =
2and S, =0.15m.

It can be observed that the maximum length was not
sensitive to the inlet pressure head, but decreased with the

0.10
o - o
E g0g 4 r=09132 5
= v\ "o
= d=10.8898
& 0.06
5
4]
7 0.04 o
“5 (o]
=
2 0.02 - o3
(5]
= -

0 =———
0 0.02 0.04 0.06 0.08 0.10

T observed (m m!)
1 - Correlation coefficient; d - Willmott’s index
Figure 2. Comparison between unit head losses observed and
calculated by the Darcy-Weisbach equation with diameter
expressed by a power-law function of the inlet pressure head
(Eq. 22)
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Table 2. Maximum length of lateral lines (m) as a function of
inlet pressure (P) and variation of emitter flow rate (q, ) for
the Santeno I pipe

P Qar (')
(kPa) 0.10 0.08

0.06 0.04

49.0 81.4 (99.0)
58.8 . 81.4 (99.0)
686 1132 81.3 (99.0)
784 113.2(97.2 81.3(99.0)
882  113.2(97.2 . 81.3 (99.0)
98.0 113.2(97.2) 104.2(97.8) 81.3 (99.0)

Values between parentheses correspond to the emission uniformity due to hydraulic
effects (%)

reduction of q _according to the power-law relation Lmax =
259.49 q,, ***”. Contrarily to the Santeno I pipe, Frizzone et al.
(1998) observed increase in the maximum length of the zero-
slope Rain-Tape drip tape, with the progress of inlet pressure
head. It should be considered, however, that the authors used
as dimensioning criteria the coefficient of variation of the flow
rate along the lateral, the coeflicient of variation of the pressure
and the coeflicient of variation of the manufacturing, besides a
head loss reduction factor which varied with the pressure head
in the pipe, differently from the criterion used in the present
study, which was a simple range of flow rate variation.

The uniformity of emission due to hydraulic effects
decreased with the increment in q_, but in all cases reached
values equal to or higher than 97.2%, compatible with excellent
uniformity of irrigation (Barragan et al., 2006). For these types
of pipes, Andrade (1990) recommends inlet pressure in the
lateral of 78.4 kPa for allowing better characteristics of lateral
water distribution in the irrigated area and for covering a
larger area.

CONCLUSIONS

1. The head loss equation for hydraulically smooth
turbulent flow regime as a function of flow rate and pressure
head at the pipe inlet has good ability to estimate head loss in
flexible pipes which have variations in the internal diameter
with the variation in the pressure head.

2. For particular cases of inlet pressure, the equations
presented in Table 1 can be used. For more general cases
of dimensioning, as normally occurs, Eq. 18 can be reliably
used. Eq. 22, for having higher estimation error, can only be a
reasonable alternative to Eq. 18.

3. The maximum length of laser-perforated polyethylene
pipes was estimated based on the criterion of acceptable flow
rate variation of the irrigation subunit and, for zero-slope
lateral line, the obtained values almost did not vary as a
function of the pressure head at the pipe inlet.
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