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ABSTRACT

Increased anthropic activity in the environment leads to degradation and increased waste generation that includes tires, which can be used

for the manufacture of porous pipes by extrusion for irrigation or aeration. There are no defined methodologies for the hydraulic character-

ization of porous pipes; in addition, their performance is questionable because the permeability of the wall in contact with water seems to

decrease with time. Thus, this study aimed to perform the hydraulic characterization of porous pipes. Experiments were performed to assess

the variation in permeability over time, the head loss, the friction factor, and the roughness. Statistical tests were performed to investigate

possible significant differences between treatments. The results showed that the permeability varies over time and tends to decrease with

each application of water. After a certain period, the permeability tends to become constant, and a stable flux can be determined, being the

lowest average permeability and flux values found 0.591� 10�15 m² 0.109 m³·m�2·s�1. There is variability in the permeability between pipe

samples from the same batch as well as variability within the same sample, as indicated by the fact that some samples are similar to each

other while others differ when performing a pairwise multiple comparison.
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HIGHLIGHTS

• Permeability over time, head loss, friction factor and roughness of porous pipes were evaluated.

• Variations in intrinsic permeability and flow depend on the service pressure.

• The variation of permeability over time decreases with each water application.

• Permeability stabilizes after some time, allowing the determination of a stable flow.

• Stable flow can be used to determine when the water application becomes steady.
INTRODUCTION

Due to environmental and public health concerns, sustainable methods for proper waste disposal are being discussed. The
final disposal of waste tires causes problems because when improperly performed, it has several negative effects on the
environment (Kowalska et al. 2002; Sant’anna et al. 2015).

Waste tires may be used as raw materials to produce porous irrigation pipes. Commercially marketed as porous soaker
hoses and immersion tubes, their use and application are more common in arid and semiarid regions. The advantages of
their use for irrigation include their flexibility and use under low pressure, consequently leading to low operational costs

(Alam 1995; Janani et al. 2011).
Porous pipes are ideal for trickle irrigation because they are easy to install in specific locations to directly apply water to an

area of interest and because they are flexible, and the functionality of these pipes is related to the way the water is transported

and emitted. In irrigation, these pipes are categorized as a linear emission source; that is, a source in which water is distrib-
uted along the entire length and forms a continuous wetting front. However, studies have shown that the permeability of these
pipes varies over time, negatively affecting their use in irrigation (Teeluck & Sutton 1998; Rettore et al. 2014; Kanda et al.
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2018). Considering the variation in permeability over time, the performance of a surface application system may be negatively

impacted since the amount of water applied is inconstant (Fang et al. 2000; Kang 2000; Shu et al. 2007; Ren et al. 2017).
The variation in the permeability of flexible porous pipes, which affects the water emission characteristics, may be a con-

sequence of the pressure used, and an increase in flow rate is directly proportional to an increase in pressure. The water

quality also affects their application since suspended solids and microorganisms present in the water can clog the micropores
of the pipeline, leading to irregular water distribution; however, non-permanent water application tends to result in stabiliz-
ation (Tripathi et al. 2011; Lyu et al. 2016; Zhang et al. 2017).

To ensure the proper use of porous pipes in irrigation, it is necessary to know the hydraulic characteristics to evaluate the

variation in the flow rate over time. In addition, the technical information of the product, such as how the flow rate varies
with pressure, needs to be defined. In this context, the objective in this work is to perform the hydraulic characterization
of porous pipes used in irrigation regarding the variation in their permeability over time relative to the operating pressure,

as well as to evaluate the head loss in these pipes, specifically to determine their friction factor and roughness.
METHODS

Permeability of porous pipes

A hydraulic apparatus was used to evaluate the permeability of porous pipes, which enabled the determination of the flow
rate variation through pipe segments over time with different pressure values at the inlet of the pipes. Three pipe samples
measuring 0.20 m in length, 0.011 m in internal diameter, and 0.018 m in external diameter were used. The annular

volume of the pipes was calculated by using the pipe cross-sectional area and the pipe length. The annular volume obtained
was 0.0000319 m³. The surface area of the pipes’ length was 0.01131 m².

The system used consisted of a compressor with a pressure regulator connected to a Mariotte bottle that was built with a

PVC pipe with a nominal pressure of 8,000 kPa, measured to be 1.08 m high and 0.3 m in diameter. The bottle was connected
to a calibrated load cell with a capacity of 100 kg (+ 0.02 kg). The load cell and the Mariotte bottle were suspended on a
tripod (Figure 1).

A pipe segment was connected to the Mariotte bottle using a valve; the inlet pressure was measured via a pressure trans-
ducer connected to the porous pipe. This pipeline was located 0.10 m above the bottom of the bottle and was placed over a
container to allow part of the applied water to be collected in the container for temperature measurement.

The load cell, the thermometer, and the pipeline where the pressure was measured were connected to a Campbell Scien-
tific® data logger, model CR10. The mean flow rate was calculated using the difference in water volume in the Mariotte bottle
before and after application. With the mean flow rate, the mean flux through the pipeline could be calculated using the ratio
between the average flow rate and the mean flow rate between the external and internal areas of the porous pipe.
Figure 1 | Representation of the experimental apparatus with the components used.
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To evaluate the repeatability of the experiment, the porous pipes were weighed to determine if mass loss occurred after use;

since the pipes are made of agglomerated microscopic rubber particles, their mass decreased due to the loss of material par-
ticles when they were subjected to a certain pressure. Thus, prior to the performance of each test, the pipes were weighed.
Immediately after their use, the pipe samples were dried in a forced-air oven at 40 °C to eliminate residual moisture; this temp-

erature was selected to prevent damage to the material. The water flux (Equation (1)) was calculated by using the mean flow
rate obtained by taking the difference between the initial and final water volumes at the time of collection:

q ¼ Qmean

SS
(1)

where q is the water flux through the porous pipes (m³ m�2 s�1), Qmean is the mean flow rate (m³ s�1), and SS is the surface

area (m²).
With the values of the water flux through each porous pipe, Darcy’s law (Equation (2)) was used to determine the hydraulic

conductivity. Thus, the permeability of each pipe could be calculated (Equation (3)):

q ¼ �k0 � dH
dx

(2)

where k0 is the saturated hydraulic conductivity of the porous pipes (m s�1) and dH=dx is the hydraulic head gradient (m
m�1). Note that the hydraulic conductivity can be calculated as:

k0 ¼ k� g� r

m
(3)

where k is the intrinsic permeability of the porous pipes (m²), m is the dynamic viscosity of the fluid (Ns m�2), and g is the

gravitational acceleration (considered to be 9.81 m s�2).
A thermometer was used to record the temperature in the studied intervals, and then the mean and standard deviation were

obtained for each pressure studied and for each irrigation performed (Table 1). The kinematic viscosity was calculated using
the equation presented by Azevedo Netto & Fernandez y Fernandez (2015).

The volumetric moisture of the porous pipe segments was obtained from the ratio between the final and initial mass of the
material with respect to the annular volume and the specific mass of the water. The variation in the moisture present in the
pipes assuming that the water density was 1,000 kg m�3 is shown in Table 2.

Data were collected for 300 minutes, and pressures of 50, 75, and 150 kPa were evaluated; these values were within the
range of pressures tested by other authors for the same type of material (Lomax et al. 1986, 1988; Mohammad 1998; Teeluck
& Sutton 1998).

Due to the stability of the water flux through the porous pipes, the observed water flux data as a function of time were fitted
to the derivative of the Kostiakov mathematical model (Kostiakov 1932) of soil water infiltration (Equation (4)) due to the
Table 1 | Temperature and kinematic viscosity obtained for each pressure value in each replication

Pressure (kPa)

Temperature (°C) Kinematic viscosity (m² s �1)

Mean Standard deviation (+) Mean� (10�7) Standard deviation (+)� (10�8)

50 24.844 0.531 8.99 1.10
23.882 0.913 9.19 1.96
26.104 0.589 8.73 1.17

75 23.953 0.580 9.17 1.24
23.850 0.578 9.20 1.24
21.034 0.594 9.83 1.42

150 25.655 0.407 8.82 8.19
22.666 0.421 9.46 9.44
22.913 0.603 9.40 1.34
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Table 2 | Variation in the moisture present in the porous pipes after drying

Pressure (kPa) Test Moisture (m³ of water per m3 of material)

50 1 0.0242
2 0.0263
3 0.0461

75 1 0.0100
2 0.0160
3 0.0179

150 1 0.0154
2 0.0210
3 0.0223
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similarities in the behaviour observed. It was assumed that the water flux through the porous pipe wall is analogous to the
water flux upon entering the soil surface (infiltration):

q ¼ a� b� tb�1 (4)

where q is the flux density (m³ m�2 s�1), t is the time considered (s�1), and α and β are empirical parameters of the Kostiakov

model.
To determine the expected stable flux for the fitted curves, the moment at which the variation in the flux as a function of

time – determined by Equation (4) – becomes minimal; that is, the stability of the flux with time, was considered. For this
purpose, Equation (5) was used considering the empirical parameters fitted in each test. Note that the flux is stable for

each test but may be modified if there are any changes in the physical conformation of the porous pipes.

qstable ¼ a� �0:001
b� a

� � b

b� 1 (5)

Here, qstable is the stable flux (m³ m�2 s�1).

For the evaluation of the water flux and permeability of porous pipes due to a sequence of use events, a 3� 3 factorial com-
pletely randomized design (CRD) was considered with 30 replications in time, with the inlet pressure of the porous pipes
(three levels: 50, 75, and 150 kPa) and cumulative sequence of tests (three levels: one, two, and three tests) as sources of vari-

ation. Analysis of variance was performed by applying the F test at 5% statistical probability; when significant differences
were found between treatments, Tukey’s test was used at 5% statistical probability.

For the analysis of the stable flux and determination of the fitting parameters of mathematical models representative of the

water flux through porous pipes, a CRD with three replications and one source of variation – the inlet pressure in porous
pipes, with three levels (50, 75, and 150 kPa) – was considered. Analysis of variance was also performed by applying the F
test at 5% statistical probability, and if significant differences were found between treatments, Tukey’s test was also used at
5% probability.
Hydraulic head loss and absolute roughness

For this evaluation, a 5.5 m porous pipe segment was externally sealed and enveloped in a PVC pipe 0.022 m in diameter; the
PVC pipe was closed at both ends and completely filled with water. As a result, there was no flux through the pipe wall pores,

and thus the pipe began to behave as a stream tube; that is, with an impermeable wall. The system was assembled by placing a
one-metre-high reservoir on an elevated surface 8.4 m above the axis of the porous piping tested. In the reservoir, a pipe
responsible for supplying water to the porous pipe was connected, and a ball valve was placed in front of the pipe inlet to

control the water outflow. The constant water head in the upper reservoir was monitored by observing the water flux through
a spillway located in the upper reservoir. The porous pipe was positioned horizontally and subjected to the hydrostatic
pressure of a 9.4 m water column. A schematic representation of the assembled apparatus is shown in Figure 2.
://iwaponline.com/ws/article-pdf/22/1/220/991990/ws022010220.pdf



Figure 2 | Simplified representation of the apparatus built to determine the head loss in porous pipe segments made from rubber tires.
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The first branch of the differential manometer was connected through a pressure gauge located 1.25 m after the initial valve
at a distance equivalent to 69.44 diameters from the porous pipe to ensure full development and stabilization of the flux. The
second branch of the differential manometer was connected 1.25 m downstream from the valve of the apparatus for control
and variation of the flow rate. The flow rate was measured by weighing the water in the lower reservoir after collecting it for

one minute. The measurement of the flow rate and reading of the pressure difference in the porous pipe segment were per-
formed only after a steady-state flow was observed.

To obtain the pressure values, a mercury U-tube manometer was used. The experiment was performed using four samples

of porous pipes under five different flow rates. Thus, the head loss was calculated by using the pressure difference measured in
each porous pipe segment. The Reynolds number was calculated using Equation (6), and the friction factor, f, was obtained
using the Darcy-Weisbach head loss equation (Equation (7)). With the f value observed in each test, the roughness of the pipes

could be approximated using the Swamee-Jain formula (Equation (8)).

Re ¼ VD
y

(6)

Here, Re is the Reynolds number (dimensionless), V is the mean flow velocity (m s�1), D is the internal diameter of the
porous pipe (m), and υ is the kinematic viscosity of the water (m² s� 1).

hf ¼ f � L
D

� v2

2g
(7)
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Here, hf is the major head loss (m), f is the friction factor (dimensionless), and L is the length of the porous pipe tested (m).

f ¼ 0:25

loglog
1

3:7D
þ 5:74
Re0:9

� �� �2 (8)

Here, ε is the roughness of the porous pipe tested (m).
The values obtained for the absolute roughness and friction factor in each porous pipe were initially compared using

descriptive statistics with boxplots. In addition, mathematical models were fitted to determine the trend of the data relative
to the Re values observed for each of the samples evaluated.

The Kruskal-Wallis H test, also called the one-way ANOVA on ranks, was used with a significance level of 5% to identify
possible significant differences between the roughness and friction factor obtained for the evaluated porous pipe samples.

Once significant differences between samples were detected for the analysed response variable, a pairwise multiple compari-
son was performed using Tukey’s test at 5% statistical probability.
RESULTS AND DISCUSSION

Flux and permeability through the porous pipe wall

A summary of the analyses of variance of the flux and permeability is shown in Table 3. The simple effects of the pressure and
of the test for the water flux through the porous pipe and its permeability were significant at the 1% level. In addition, the
effect of the interaction between the two sources of variation on the abovementioned response variables was significant.

According to Table 4, the permeability values obtained by Tukey’s test for pressures of 50 and 150 kPa were equal at the 1%
probability level. Separate analyses of the tests showed differences, and the permeability decreased with increasing test
number, which supports the idea that the permeability decreases with use. The tests showed the usability of the pipes with

time, and even after drying, there was a difference between the flux and permeability data.
As shown in Table 4, an increase in permeability was observed due to an increase in pressure from 50 kPa to 75 kPa, thus

indicating a probable expansion of the pore space of the material. However, regarding the difference in the permeability

values at 75 and 150 kPa, as the pressure increased, the pore space may have also decreased due to the effects of pressure,
Table 4 | Simple effects of the service pressure and sequence of tests on the intrinsic permeability of the studied porous pipes

Pressure (kPa) k (m²) �10�15 Test k (m²) �10�15

50 0.877 b 1 1.192 a

75 1.123 a 2 0.889 b

150 0.785 b 3 0.704 c

Values followed by the same letter in the columns do not differ according to Tukey’s test at the 1% significance level.

Table 3 | Analysis of variance of the flux and permeability with increasing pressure and for the test performed

Source of variation Degrees of Freedom

F

q (m³ m�2 s�1) k �10�16 (m²)

Pressure (P) 2 201.26** 36.07**

Test (T) 2 119.66** 71.77**

P� T 4 19.06** 3.13*

Error 261

Total 269

**Significant at the 1% probability level (p, 0.01); *significant at the 5% probability level (p, 0.05).
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leading to a reduction in the permeability. Thus, the granules that formed the porous pipes physically changed according to

the variation in pressure; the pore space decreased for some pressure values and increased for others.
The manufacture of porous pipes results in pipes with nonuniform positions and pore sizes, which leads to variations in the

application of water when these pipes are used for irrigation. According to the analysis of variation from one manufactured

batch to another, there is variation both within the same batch and between different batches (Teeluck & Sutton 1998).
Janani et al. (2011) evaluated the pressure variation and its impact on the water distribution of porous pipes made from

recycled tires. The results obtained in their study were similar to those of the present study in that the service pressure affected
the water application, with the pressure discharge exponent being greater than 1. The cited authors also determined that the

uniformity in the application of water varied with the pressure and that there was a drastic reduction in the flux at the begin-
ning, with a steady-state flux being reached after a certain time. These authors also found a change in the microstructure of
porous pipes.

Table 5 shows that in the first and third tests, the values obtained at pressures of 50 and 150 kPa did not show significant
differences at the 5% probability level according to Tukey’s test; the value found for a pressure of 75 kPa was higher than
those of the other pressures. In the second test, significant differences were observed among all the pressure levels considered.

Comparing the variations in pressure for each pressure level in the different tests, under 50 kPa of pressure and in the first two
tests, the values did not differ. At 75 kPa, all the tests differed from each other, with significant differences being observed. In
addition, the fact that the values were higher than those found for the 150 kPa case suggested the irregular modification of the

pipe due to the pressure effect. Conversely, for 150 kPa, the data of the second and third tests were statistically similar.
Figure 3 shows the variation in permeability as a function of time for different pressures and tests. At a pressure of 50 kPa

(Figure 3(a)), the permeability values decreased with time, and the permeability variability decreased after a certain amount of
time; that is, approximately 150 minutes. For test 3, the variation in the data became stable earlier than in the other tests; that

is, the variability in the permeability decreased with time as the pipe was sequentially used.
The permeability variabilities for pressures of 75 and 150 kPa were similar, with the values decreasing with time and for

different tests. The curves of the second and third tests were close at a pressure of 150 kPa, which showed that there was

instability when the pressure increased.
Table 6 shows the mathematical models obtained for permeability relative to time at pressures of 50, 75, and 150 kPa, and

Table 7 presents the behavioural permeability mathematical models as a function of time for the first, second, and third cumu-

lative tests. Figure 4 shows that the variation in the permeability with pressure is inconstant since the permeability does not
increase with increasing pressure, unlike the trend observed for the flux values in Figure 3. As shown in Figure 4(a), where the
plotted data refer to the first test, the permeability values for 75 kPa were greater than those for 150 kPa (Table 5), and the
values for 150 kPa were greater than those for 50 kPa. However, for tests 2 and 3, the permeability values for 50 kPa were

higher than those for 150 kPa.
Figure 4(b) and 4(c) (tests 2 and 3) show a slight variation in the permeability data as a function of time, with a linear trend

over a shorter time interval. For pressures of 50 and 75 kPa in the evaluated tests, this did not occur so quickly.

As previously mentioned, during the manufacturing process, porous pipes undergo grinding and then are shaped by an
extruder. Thus, when the small rubber particles come together, they form small pores, which is a possible explanation for
the reduction in permeability over time. When the pipe walls are subjected to pressurized flow, the size of these pores

may decrease because of wall compaction, leading to the partial obstruction of some pores and thus decreasing the flow
Table 5 | Intrinsic permeability of the porous pipes, evaluated under different service pressures and test sequences

Pressure (kPa)

Permeability� 10�15 (m²)

Tests

1 2 3

50 1.045 b A 0.909 b A 0.677 b B

75 1.423 a A 1.192 a B 0.845 a C

150 1.109 b A 0.655 c B 0.591 b B

Values followed by the same lowercase letter in columns and uppercase letters in rows do not differ from each other according to Tukey’s test at the 5% significance level.
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Figure 3 | Permeability as a function of time for the tests at pressures of 50 (a), 75 (b), and 150 (c) kPa.

Table 7 | Mathematical models of permeability as a function of time for the first, second, and third cumulative tests at pressures of 50, 75,
and 150 kPa

Test 50 kPa 75 kPa 150 kPa

1 k¼ (3.03468.10�13).t�0.34851 k¼ 3.09058.10�13.t�0.28508 k¼ (2.4983.10�13).t�0.29309

2 k¼ (1.64841.10�13).t�0.24569 k¼ 2.51296.10�13.t�0.29571 k¼ (7.75736.10�14).t�0.15374

3 k¼ (8.80242.10�14).t�0.17398 k¼ 1.3742.10�13.t�0.22203 k¼ (4.77307.10�14).t�0.07263

Table 6 | Mathematical models of permeability as a function of time for the tests at pressures of 50, 75, and 150 kPa

Pressure Test 1 Test 2 Test 3

50 kPa k¼ (3.03468.10�13).t�0.34851 k¼ (1.64841.10�13).t�0.24569 k¼ (8.80242.10�14).t�0.17398

75 kPa k¼ (3.09058.10�13).t�0.28508 k¼ (2.51296.10�13).t�0.29571 k¼ (1.3742.10�13).t�0.22203

150 kPa k¼ (2.4983.10�13).t�0.29309 k¼ (4.7730710�14).t�0.07263 k¼ (4.77307.10�14).t�0.07263
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Figure 4 | Variation in permeability as a function of time for the first (a), second (b), and third (c) cumulative tests at pressures of 50, 75, and
150 kPa.
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rate over time due to the reduced diameter and, consequently, pipe volume (Bradley et al. 2001; Casimiro 2011; Shahzad
et al. 2015).

The results of a study using porous ceramic emitters buried in two types of soil (Cai et al. 2018) were similar to those found

in this study: the flow rate of the emitter dropped rapidly at the beginning of the test and then gradually decreased until it
reached a stable value.

A simple comparison between the pressures and tests presented in Table 8 shows that the fluxes among service pressures

differed from each other at the 1% probability level; however, unlike the permeability, the values of which did not follow a
Table 8 | Simple effect of the inlet pressure and cumulative irrigation tests on the water flux through the porous pipes

Pressure (kPa) q (m³ m�2 s�1) Test q (m³ m�2 s�1)

50 0.143 c 1 0.348 a

75 0.259 b 2 0.229 b

150 0.361 a 3 0.186 c

Values followed by the same letter in the columns do not differ according to Tukey’s test at the 1% significance level.
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trend, the flux increased with increasing pressure. From analyses of the different tests, data consistency was again observed,

with a decrease in the flux values as the number of tests increased, corroborating with the decrease in permeability over time.
Regarding the effects on the flux during the use of porous pipes, the flux variations in test 1 were significantly different

according to Tukey’s test for all pressures analysed (Table 9). For test 2, the flux values at 75 and 150 kPa were statistically

equal at 1% probability. The analysis of test 3 showed a difference between the fluxes for the pressures evaluated. The results
presented in Table 9 show a flux increase with increasing pressure for the three analysed tests.

In the evaluation of the variation among tests, from an analysis of the plotted curves for each pressure, a difference was
noted between the first test and the other tests at 50 kPa, but the values for tests 2 and 3 did not differ. At 75 kPa, there

were differences between the calculated flux values in the three tests analysed. The behaviour at a pressure of 150 kPa
was similar to that observed at 50 kPa because only tests 2 and 3 were similar. The same trend was observed for the flux
values relative to the number of tests for each pressure level; that is, there was a decrease in flux with increased use of the

porous pipes. Additionally, the flux tended to increase with increasing pressure within each test.
Table 10 shows that only the stable flux presented significantly different values according to the F test at 5% probability,

with the empirical parameters of the Kostiakov model being statistically equal for all analysed inlet service pressures.

Table 11 shows that there were similarities between the values of qstable at a pressure of 75 kPa relative to those observed for
pressures of 50 and 150 kPa; however, the latter two differed from each other. As already presented, there were no differences
among the empirical parameters of the Kostiakov model with pressure variation.

Figure 5(a) shows the flow variation with the test time for a pressure of 50 kPa. In the three replications, the curves had a
steep slope from 0 minutes to 50 minutes, after which the curves tended to stabilize with time as the flux decreased with use;
that is, the test time.

With increasing pressure, the curves for tests 2 and 3 tended to deviate from the curve for test 1, and this was more evident

for a pressure of 150 kPa. From the analyses at this pressure (Figure 6), the corresponding curve tended to exhibit linear be-
haviour earlier than the curves at 50 and 75 kPa.

After 150 minutes, replications 2 and 3 – performed after drying – practically overlapped (Figure 5(c)). Rettore Neto et al.
(2014) identified that porous pipes are subjected to changes in diameter due to internal pressure because they are elastic; this
explains the variation among the curves obtained under different pressures. Wałowski (2017) studied the variation in the gas
Table 9 | Effect of the interaction between the inlet pressure and the cumulative irrigation tests on the water flux through the porous pipes

Pressure (kPa)

Flux (m³ m�2 s�1)

Tests

1 2 3

50 0.184 c A 0.136 b B 0.109 c B

75 0.334 b A 0.260 a B 0.183 b C

150 0.526 a A 0.290 a B 0.266 a B

Values followed by the same lowercase letter in columns and uppercase letters in rows do not differ from each other according to Tukey’s test at the 5% significance level.

Table 10 | Analysis of variance of the effect of pressure on variations in the stable flux, where α and β are empirical parameters of the Kos-
tiakov model

Source of variation Degrees of Freedom

F

qstable α β

Pressure (kPa) 2 7.20* 0.61NS 1.36NS

Error 6

Total 8

*Significant at the 5% probability level according to the F test (p, 0.05); NS: not significant (p �0.05).
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Table 11 | Simple effect of the service pressure on the values of the stable flux and the empirical parameters of the Kostiakov model adapted
to the performed tests

Pressure (kPa) qstable (m³ m�2 s�1) α β

50 0.176 b 0.496 a � 0.249 a

75 0.282 ab 0.912 a � 0.258 a

150 0.395 a 0.963 a � 0.161 a

Values followed by the same letter in the columns do not differ from each other according to Tukey’s test at the 5% significance level.

Figure 5 | Flux in porous pipes as a function of time for the tests at pressures of 50 (a), 75 (b), and 150 (c) kPa.
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permeability coefficient in porous materials and observed that the flow rate decreases with decreasing pressure. Even with
differences between the studied fluids, the results obtained by that author corroborate those observed in this study; that is,

transient flux behaviour was observed with changing material properties.
Figure 5 shows that the R² values were high for pressures of 50 and 75 kPa, which shows that the fitted models can accu-

rately explain the observed values. However, for the case of 150 kPa in the last test, the R² value was 0.144, which is low and
shows that the model is not able to fully explain the data variability despite the obtained significance.
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22



Figure 6 | Porous pipe flux variation as a function of time for the first (a), second (b), and third (c) cumulative tests at pressures of 50, 75, and
150 kPa.
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Table 12 shows the mathematical models for the flux as a function of time, fitted to the observed data presented in Figure 5.

The intersection of the curves in Figure 6 was explained by Mohammad (1998), who stated that the service pressures for
porous pipes are between 80 and 150 kPa and that, at a pressure of 150 kPa, which is high for this type of material, irregular
flux behaviour occurs over time. Additionally, when higher pressures are used, stable flux is achieved more quickly.

Aboukarima et al. (2018) found results similar to those obtained in the present study. After each test, the flux of the
porous pipes decreased, even when it was subjected to drying. Other authors have shown that, in addition to the mean
Table 12 | Mathematical models of the flux as a function of time for the tests at pressures of 50, 75, and 150 kPa

Pressure Test 1 Test 2 Test 3

50 kPa q¼ 0.79854.t�0.31476 q¼ 0.40433.t�0.23078 q¼ 0.28506.t�0.20286

75 kPa q¼ 1.21919.t�0.27616 q¼ 1.04161.t�0.29651 q¼ 0.47395.t�0.20157

150 kPa q¼ 1.95259.t�0.27972 q¼ 0.59864.t�0.15338 q¼ 0.33771.t�0.05008
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reduction in flow rates with the use of the material, the application rate stabilizes over time; that is, the outlet flow rate

becomes constant (Lomax et al. 1986, 1988; Teeluck & Sutton 1998; Donjadee 2012).
It is especially important to highlight that unlike what is observed in Figure 4 and Table 7, which show the effect of the

service pressure on the permeability, the flux values increased as the pressure increased, as shown in Figure 6 and

Table 13. This trend did not occur for the intrinsic permeability since its values were generally higher at the intermediate
pressure of 75 kPa than at 50 and 150 kPa. This result can be explained by the fact that there is a difference between per-
meability and flux, where flux is related to the characteristics of the fluid and the porous medium and permeability is a
property of the porous medium that indicates its ability to facilitate the passage of fluids through its pores (Paula &

Campos 2016).
The length of the pipe used could affect the uniformity in the application of water because, as there is a nonuniform dis-

tribution of the pores through which the water flux occurs, nonuniform water application might be observed along the pipe

length (Patel et al. 2011).
Liang et al. (2009) found that within the same manufacturing process, pipes with equal wall thickness but with larger diam-

eter have greater water emission uniformity than other pipes. This is due to the larger emission area and greater number of

pores in the wall per unit length. In the studies by these authors, only those pipes with the largest diameter (internal diameter
of 0.016 m) had acceptable emission uniformity, with coefficient of variation (CV) values below 20% within a pressure range
of 45–58 kPa. This result allows us to conclude that in the present study, the variation in the pressure of 150 kPa is not favour-

able because this pressure affects the pipe diameter and because the application of water at pressures of 50 and 75 kPa
exhibited lower variation than that at 150 kPa.
Hydraulic head loss and absolute roughness

Figure 7 shows that the mathematical model that best fits the observed data for the four studied porous pipe samples was an
increasing exponential equation, where the head loss values for samples 1 and 2 were close and those for samples 3 and 4
were also close. The R² values for all samples, which in this case were greater than 0.95, are also listed; these values confirm
that the statistical models can explain the variability in the observed values.

Table 14 shows the mathematical models of the head loss for each sample analysed relative to the fluid flow velocity.
Unlike what was observed by Pinto et al. (2014), the friction factor values decreased in samples 2 and 4 with increasing

Reynolds number (Figure 8) according to the fitted equation, as defined by the laws of fluid flow. The result of Figure 8

shows that the increase in the internal diameter of the pipes due to the internal pressure affected the obtained values (Rettore
et al. 2014).

Thus, the mathematical models for the friction factor relative to the Reynolds number for the four samples analysed are as

shown in Table 15.
Figure 9 shows the representations of the same mathematical models of Figure 8 based on the Moody diagram. The charac-

terizations given by the diagram can be observed; for example, the transition flow regime relative to the trajectory was

observed for all cases. Proving the results obtained, the curves for the four samples show turbulent flow; in addition, the rela-
tive roughness values can be observed in the diagram. Furthermore, the analysis of Figure 9 shows that the pipe samples have
different roughnesses; however, all analysed samples have a high roughness value compared to other types of materials used
in the manufacture of pipes.

Boxplots of the friction factors obtained for the tests performed are shown in Figure 10.
Table 13 | Mathematical models of the flux as a function of time for the first, second, and third cumulative tests at pressures of 50, 75, and
150 kPa

Test 50 kPa 75 kPa 150 kPa

1 q¼ 0.79854.t�0.31476 q¼ 1.21919.t�0.27616 q¼ 1.95259.t�0.27972

2 q¼ 0.40433.t�0.23078 q¼ 1.04161.t�0.29651 q¼ 0.59864.t�0.15338

3 q¼ 0.28506.t�0.20286 q¼ 0.47395.t�0.20157 q¼ 0.33771.t�0.05008
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Figure 7 | Head loss as a function of the fluid velocity for four samples from the same batch.

Table 14 | Mathematical models of the head loss as a function of the fluid velocity for four porous pipe samples from the same batch

Sample Equation

1 hf¼ 1.154.v2.05521

2 hf¼ 1.75301.v1.53697

3 hf¼ 0.95131.v1.72131

4 hf¼ 0.95249.v1.5971

Figure 8 | Variation in the friction factor of the porous pipes relative to the Reynolds number for each sample.
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Figure 9 | Variation in the friction factor of the porous pipes relative to the Reynolds number for each sample represented in the Moody
diagram. Source: Adapted from Fox et al. (2011).

Figure 10 | Boxplots of the friction factor values obtained for the studied porous pipe samples.

Table 15 | Mathematical models for the friction factor as a function of the Reynolds number for four porous pipe samples from the same
batch

Sample Equation

1 f¼ 0.10837 � (5.37726.10�6)Reþ (1.245.10�10)Re2

2 f¼�0.04004þ (1.05051.10�5)Re � (2.75084.10�10)Re2

3 f¼�0.06466þ (1.00994.10�5)Re � (2.51141.10�10)Re2

4 f¼�0.01341þ (5.10949.10�6)Re � (1.3769.10�10)Re2
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Table 16 | Multiple comparisons between pairs of samples given by Tukey’s test

Comparison between samples F

2 vs 4 4.914*

2 vs 3 3.477ns

2 vs 1 0.832ns

1 vs 4 4.082*

1 vs 3 2.646ns

3 vs 4 1.436ns

*Significant difference at the 5% probability level (p, 0.05) according to Tukey’s test.
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The comparison given by Figure 10 within each treatment shows that the friction factor values for sample 1 were close to

the median value; thus, the friction factors within this treatment had less variability. In turn, sample 2 had greater data varia-
bility, and most of the values found were below the median, which indicated greater variability within the same sample.

Similar to sample 2, there was a higher concentration of values below the third quartile for sample 3, which indicated

greater variability in the friction factor for these samples. For sample 4, the greatest concentration of data was above the
median. In addition, the median value for samples 2 and 3 was more distant than the minimum value, which showed that
there was great variability in the values obtained for the friction factor within the same sample. The medians of samples 1

and 2 were close, as were those of samples 3 and 4. These results showed that the friction factor values obtained for each
of the samples were similar between pairs, as revealed in Table 16. Hence, there was variation in the value of the friction
factor for each sample analysed even within the same batch.

Because the differences in the median values between the treatment groups were greater than expected, they were statisti-

cally significant. The variables were assumed to follow a normal distribution, and a normality test presented a p-value of
0.592, i.e., greater than 5%. To compare the samples, Tukey’s test was performed using the pairwise multiple comparison pro-
cedure. This test showed that there was variation between samples 1 and 4 and between samples 2 and 4 at the 5%

significance level in the analysis of the friction factor. There were no significant differences between samples 1 and 2 or
between samples 3 and 1. The same analysis was applied for the roughness; the normal distribution yielded a p-value of
0.054, and the results of multiple comparison analyses were statistically equal to those of the friction factor.

As demonstrated in studies by Rettore Neto et al. (2014), Rettore Neto et al. (2014), and Wałowski (2017), there is variation
in the characteristics of porous pipe from different batches as a result of the manufacturing process, which causes non-uni-
formity in the material and consequently changes in the hydraulic characteristics. In this study, it was shown that there is

variation even within the same batch, causing non-uniformity in the application of water.
CONCLUSIONS

Porous piping shows variations in intrinsic permeability and flux over time, and this variation depends on the inlet service
pressure. The irregular release of water through the pipes occurs over time; however, the variation decreases over time

and with the number of tests; that is, irrigation events, and the application of water becomes constant (stable flux).
Therefore, a stable flux can be defined, which allows one to determine the time at which the application of water becomes

continuous. This determination can also be used as a reference for the calculation and management of regular situations

regarding the use of porous pipes.
There is variability in the friction factor and roughness in each sample, especially compared to each other, indicating varia-

bility in the production process within the same batch, which affects the hydraulic behaviour of the pipes.
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