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Abstract: This study was conducted at Laman Sayur, Malaysia Agro Exposition Park Serdang (MAEPS),
to investigate the hydraulic performance of a small-scale drip irrigation system. The modelling was
carried out using EPANET software to understand how the drip irrigation system is operated.
Model results show that the errors are small, i.e., 2.2% and 3.0% for pressures, and 1.7% for discharge
in lateral pipe 1 and lateral pipe 2. The root mean square error (RMSE) and the mean bias error
(MBE) for discharge were recorded at 0.04 L/h and 0.03 L/h for lateral pipe 1 and 0.04 L/h and 0.02 L/h
for lateral pipe 2. RMSE and MBE for pressure were recorded at 0.61 m and 0.68 m for lateral pipe
1, and 0.79 m and 0.68 m for lateral pipe 2, respectively. These results show that the model yields
good performance. For hydraulic performance, the field measurement was conducted with four
operating pressures: P1 (15.3), P2 (20.4), P3 (25.5), and P4 (28.6) meters. The hydraulic parameters
evaluated were the coefficient of uniformity (CU), the emission uniformity (EU), the coefficient of
variation (CV), and the emitter flow variation (EFV). The operating pressure during the measurement
is constant according to the specified pressure. The results show that CU, CV, and EU are in the
excellent classification, and values of CU and EU have more than 95% efficiency. The value for CV is
below 0.03, which is excellent. The EFV is 10% when operating at 25.5 m and 15.3 m and is considered
desirable. On the other hand, for the 28.6 m and 15.3 m operating pressures, the EFV parameters were
recorded at 13.6% and 10.29%, respectively, and are classified acceptable. This study concluded that
the operating pressures, P2 (20.4 m) and P3 (25.5 m), were performed under excellent classification
for all hydraulic parameters evaluated. Based on the outputs from the model, it is inferred that the
existing drip irrigation system at Laman Sayur MAEPS is operated in an over-powered state. With the
current pump power consumption, the irrigation system could be operated at a minimum of four
times the capacity of the existing irrigation system. To reduce the power consumption, it is suggested
that the system is operated at a lower pumping power. This would minimize the operating costs
especially for the development of a new drip irrigation system that has the same capacity as the drip
irrigation system that is currently being operated at Laman Sayur, MAEPS Serdang.

Keywords: drip irrigation system; coefficient of uniformity; emission uniformity; coefficient of
variation; emitter flow variation

1. Introduction

Studies have found that the drip irrigation method is the best method as compared to other
irrigation methods because the drip irrigation method provides high uniformity. Drip irrigation
systems typically use 30 to 50% less water than the other irrigation systems as they provide only
the water needed by plants [1]. The operation of drip irrigation systems uses low flow rates and
pressure and enables farmers to irrigate at lower cost by using smaller pumps, and smaller, lightweight
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pipes [2]. The drip irrigation system is the most effective method in terms of water use and labor.
As they are complex, drip irrigation systems should be designed, installed, and maintained properly [3].
The root system of most vegetables is located on the top layer of the soil and requires regular irrigation.
Thus, drip irrigation is the most efficient and economical method for irrigation in vegetable production.

Drip irrigation has the greatest potential for efficient water and fertilizer usage. To minimize
irrigation and fertilization costs, drip irrigation is important to maximize nutrient intake while using a
minimum amount of water and fertilizer. The lateral drip irrigation system comprises a pressurized
pipeline with an inline or an online emitter. The proper hydraulic design of lateral drip systems usually
requires precise assessment of the total head loss represented by friction loss along the pipe and the
emitter, and the local loss due to the emitter’s connection [4]. Local losses should be considered in any
drip irrigation because the installation of large numbers of emitters along lateral pipes will affect the
overall loss. Reliable methods to estimate local losses either based on kinetic load [5–7] or equivalent
length [8–10] have been reported in the literature. The relationships were developed based on empirical
data. Currently, Baiamonte [11] derives a relationship between the equivalent length and the minor
losses coefficient. The important design variables influencing minor losses, i.e., the emitter flow rate,
the inside pipe diameter, and the emitter spacing are illustrated. The procedure is analytical; it does
not consider empirical equivalent length formulas that do not necessarily cover the entire range of
conditions in the real-world contexts in which the formulas will be applied.

The losses in the emitter are due to the connection between the lateral pipe and the emitter [12].
The determination of the total head loss in a drip irrigation system is very important to ensure the
system operates with sufficient pressure. The average operating pressure head for emitter, distribution
of uniformity, and head loss between lateral and manifold will arise as a result of the optimal economic
impact [10]. The determination of head loss can be done in the field by placing the pressure gauge at the
desired pipe point. This determination is important to ensure adequate head to carry out the irrigation
activity. The modelling of drip irrigation systems is a good way to facilitate the determination of the
required head to ensure the irrigation system can distribute water uniformly to the plant. This irrigation
system modelling helps farmers to determine the head required to carry out the operational procedure
of the system. Modelling is one of the ways to identify weaknesses in a drip irrigation system. With the
model, the simulation to illustrate the actual condition of the overall drip irrigation system can be
easily investigated. This actual condition of the system is needed to ensure that the systems can
be operated in the best possible condition. Software packages such as Irrilab [11], which is based
on explicit relationship, are useful for optimal designing of rectangular micro-irrigation units in
uniform slopes. Alternatively, the older EPANET software [13] that has been widely used as the
computational engine for most water distribution system models is still promising. The uniformity
of water distribution is one of the important parameters in determining the efficiency of the design
of drip irrigation systems. Clogging for a long period of time has been the major obstacle in the
development of drip irrigation. Emitter clogging can reduce the uniformity of the irrigation system,
especially when fertilizer (fertigation) is applied. Therefore, proper assessment to select an appropriate
emitter is necessary to prevent clogging [14]. Drip irrigation can increase yields and save water by
about 50% as compared to other irrigation techniques [15]. This can make the investment in a drip
irrigation system economically viable, compensating for the high capital cost for drip equipment [16].
Slope is one of the factors that affects the uniformity of water distribution. Baiamonte [17] reported
that the coefficient of variation (CV) decreases with increasing slope, showing a minimum CV value,
CV min, equal to 2%, over which CV, as for best manifold position (BMP) = 0.5, increases with slope.

Kumar and Singh [18], and Tyson and Cutis [19], stated that the drip irrigation system depends
on the physical and hydraulic properties of the drip tubing. The most important feature is the uniform
distribution of water in the design, management, and use of the system. The selection of water pressure
is the main factor to be considered in the drip irrigation design during the irrigation process [19].
The efficiency of the drip irrigation system depends on the uniformity of the water distribution
which can be evaluated by measuring the flow rate in each emitter [18]. The uniformity of water
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distribution also depends on the design, the distance between the emitters, the emitter material, and the
manufacturing processes. The performance of drip irrigation systems also depends on the emission
uniformity (EU) throughout the system. It measures the uniformity of emissions discharged from
all emitters. Other parameters considered are the co-efficient of variation (CV), and the uniformity
co-efficient (CU) [20].

Operating pressure is considered very important in the design of drip irrigation systems. Failure to
provide proper operating pressure will result in the reduction of performance which in turn contributes
to system failure [21]. In addition, non-static operating pressure can cause problems such as broken
pressure regulators, broken lines, and mounted emitter [19]. This study aims to develop a numerical
model of an existing drip irrigation system that is operating at Laman Sayur, MAEPS greenhouse,
to compare the results from the fieldwork with the results obtained from the numerical model, and to
evaluate the hydraulic performance of the existing drip irrigation system based on the American
Society of Agricultural Engineering (ASAE) standard.

2. Materials and Methods

2.1. Study Area

This study was conducted at Laman Sayur located within the territory of Malaysia Agro Exposition
Park Serdang (MAEPS) as shown in Figure 1. MAEPS is known as one of the largest exhibition parks and
showgrounds in Asia, and was established to serve as the center for agro-based events and activities in
Malaysia. The exhibition park is located on a 130 hectare property belonging to the Malaysian Research
and Development Institute (MARDI). For this study, the assessment of the hydraulic performance of a
drip irrigation system was conducted in a small-scale greenhouse plantation, where domestic water is
the source of water used in the system.
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Figure 1. Study area. Inset represents the location of study area. The map was captured using Google
Maps [22].

2.2. Data Collection

Data collection for this drip irrigation system includes measuring the geometry and dimensions
of the drip irrigation system components. The hydraulic parameters including emitter flow discharges
and pressure head were also collected. The measured parameters are used to validate the outputs
obtained from the numerical model developed.
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2.3. Drip Irrigation System Layout

The drip irrigation system at Laman Sayur, MAEPS, uses a basic irrigation system. The identification
of drip irrigation system components including the pipe size, pipe length, pipe diameter, and pipe
components was carried out. This is very important in order to prepare the system layout in the
numerical model. Every single component is required to be included in the model so that the numerical
model can replicate the real existing system. It is noted that the existing system is then verified by an
EPANET numerical model.

The system has two tanks, two fertilizer tanks, one pump, one filter, 20 valves, two different pipe
sizes, and 400 emitters connected to lateral pipes for the whole system. A water tank of 300-gallon
capacity is used to store water. An electric motor of 1 horsepower (hp) with a centrifugal pump is used
for pumping water from the tank, connecting with a filter. The system utilizes only one pump that
operates for the entire system and is sufficient for the small-scale plantation. The system is equipped
with two manifold pipes (PVC pipe) of 28 mm diameter fitted separately and separated by valves.
Each manifold pipe is connected to two lateral pipes (LDPE pipe) with a diameter of 20 mm with
17.5 mm inner diameter, and each lateral pipe is 31 m long. The distance between the emitters along
the lateral pipe is 60 cm mounted on each left and right plant pot. A total of 100 emitters were installed
along the lateral pipes and a total of 400 emitters with 460 mm length were installed in this drip
irrigation system. The drip irrigation system is laid on a horizontal bed. Each crop (plant pot) is
equipped with one emitter. The overall system is illustrated in Figure 2.
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2.4. Measurement of Hydraulic Parameters of the Irrigation System

The measurement of hydraulic parameters includes the flow discharge and pressure from the
emitter on each lateral pipe distributed along lateral pipe 1 and lateral pipe 2. Ten location points at
each lateral pipe were selected to record pressure readings and measure the discharge. Figure 2 shows
the simplified illustration diagram of measuring locations, denoted by the integers in the planter box.
The selection of location points was arbitrary, and each point location was different for each lateral
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pipe. The discharge of emitters was measured using a volumetric method. Measuring tools such as a
graduated measuring cylinder, a catch can, and a stopwatch were used. The discharge measurement
lasted for two min at each point location. The collected water in the catch can for each emitter was
measured using a measuring cylinder. Next, the volume of water was divided by time to obtain the
discharge (q) in liters per second (L/s). Flowrate measurements of each emitter were performed with
various operating pressures of 15.3, 20.4, 25.5, and 28.6 m.

The experiment was conducted in a one plot design with two lateral pipes. The field layout of the
drip irrigation system is presented in Figure 3.
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2.5. Hydraulic Performance Evaluation

Hydraulic performance is calculated to obtain the actual performance of an irrigation system.
To determine the efficiency of the existing drip irrigation system, the emission uniformity (EU),
emitter flow variation (EFV), coefficient of uniformity (CU), and coefficient of variation (CV) are
determined in accordance with the American Society of Agricultural Engineering (ASAE) [20]. Table 1
shows the coefficient parameters used to measure the hydraulic performance of the drip irrigation
system. EU, CU, and EFV coefficient parameters adopt a percentage value to indicate drip irrigation
performances. A higher percentage indicates good performance while a lower percentage means
poor performance or unacceptable. For the CV, a range value of 0.05–0.15 was used. If the value
is less than 0.05, the performance is excellent. If the value is greater than 0.15, it is classified as
unacceptable performance.

Table 1. The coefficients involved in the calculation of hydraulic performance include coefficient of
uniformity (CU), emission uniformity (EU), coefficient of variation (CV), and emitter flow variation
(EFV) [20].

Emission Uniformity
(EU)

Coefficient of Variation
(CV)

Emitter Flow Variation
(EFV)

Coefficient of Uniformity
(CU)

Performance
Indicator

≥90% Excellent <0.05 Excellent ≤10% Desirable ≥90% Excellent
80–90% Good 0.05–0.07 Average 10–20% Acceptable 80–90% Good
70–80% Fair 0.07–0.11 Marginal >25% Unacceptable 70–80% Fair
≤70% Poor 0.11–0.15 Poor 60–70% Poor

>0.15 Unacceptable >60% Unacceptable

Equation EU = 100
( qn

qa

)
CV = 100 SD

qavg EFV = 100 [1 − Qmin
Qmax ] CU = 100

(
1−

∑ ∆q
qn

)

Definition

EU = Emission uniformity
qn = average rate of discharge
of the lowest one fourth of the
field data of emitter discharge
readings (L/h)
qa = average discharge rate of
all the emitters checked in the
field (L/h). [20]

CV = the coefficient of
variation of emitter
discharge.
SD = standard deviation of
emitter discharge.
qavg = average discharge
in the same lateral lines
(L/h) [20]

EFV = emitter flow
variation (%)
Qmin = minimum
emitter discharge rate in
the system (L/h)
Qmax = average or
design emitter discharge
rate (L/h) [20]

Cu = Christiansen’s uniformity
coefficient in percentage
∆q = average deviation of
individual emitters discharge (L/h).
q = average discharge (L/h).
n = number of observations [20]
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2.6. Numerical Modelling and Model Performance

Rossman [13] developed EPANET to investigate the hydraulic behavior within pressurized pipe
networks. In this study, the widely known EPANET software has been applied. Besides EPANET,
there are other software programs that can be used such as hydrauliCAD [23], AFT Fathom [24],
InfoWorks [25], WaterCAD [26], WaterGEMS [27], AquaFlow [28], DIDAS [29], DOMIS [30],
HydroCalc [31], IRRICAD [32], IrriPro [33], IrriExpress [34], and IrriLab [35]. The Irrilab software
package [11], for example, was developed based on simple explicit analytical solutions, and thus does
not require many trial and error attempts and time-consuming iterations. IrriLab software is based on
the basic hydraulic equations from the manifold to the end of both the downhill and the uphill sides
of the laterals, and provides the minimum pressure required, minimizing the energy consumption.
These software packages are useful to simulate water distribution systems in pressurized pipelines.
However, each software has its own advantages. Software selection does not necessarily lead to a
single software but depends on the needs of the study to be performed.

In this study, EPANET software is preferable due to its simplicity, and the fact that the software is
open source and free to download. The EPANET model was originally developed by the United States
Environmental Protection Agency. EPANET is a computer program that performs extended period
simulation of hydraulic and water quality behavior within pressurized pipe networks. EPANET is
designed as a research tool to enhance our understanding of the movement and distribution of water in
distribution systems. A network consists of pipes, nodes (pipe junctions), pumps, valves, and storage
tanks or reservoirs. EPANET tracks the flow of water in each pipe, the pressure at each node, and the
height of the water in each tank throughout the network during various simulation periods.

The total head involved in EPANET is divided into two types, namely head loss due to friction
along the lateral pipe, and minor loss due to the installation of the emitter. In this study the head loss
is calculated using the Darcy–Weisbach formula as expressed in Equation (1) [7].

H f =
f L V2

2gD
(1)

Hf is friction loss of the pipe (m), L is pipe length (m), D is the pipe’s internal diameter (m), V is
the velocity in pipe (m/s), g is the acceleration due to gravity (9.81 (m/s2)) and f is the friction coefficient
(-). The friction coefficient, f is determined by f = 0.302/(Re) 0.25 for 2000 < Re < 36,000 [5]. The minor
loss can be determined in a general form as given in Equation (2) [7].

h(minor) = k·
v2

2g
(2)

hLminor is the head loss due to fitting and insertion of emitter, k is the head loss coefficient, v is
the velocity in pipe (m/s), and g is acceleration due to gravity (9.81 (m/s2)). The k coefficient due to
insertion of emitter can be expressed as [7]

k = 0.056 × [(Dg/Di)17.83
− 1] (3)

where, Di is internal diameter of the pipe (m), and Dg is the internal diameter due to the emitter (m).
Figure 4 shows dimensions for calculating the k coefficient value using Equation (3).Water 2020, 12, x 8 of 16 

Water 2020, 12, x; doi: www.mdpi.com/journal/water 

 
Figure 4. Parameters involved in calculating minor loss for online type emitters [7]. 

For the drip irrigation system, the layout was prepared in the model to represent the existing 
drip irrigation system in the greenhouse. To validate the model, a comparison result between model 
and measurement was carried out. The statistical error indexes (e.g., RMSE, MBE, and MAPE) were 
calculated to determine the performance of the model. Table 2 shows the equations and associated 
descriptions of the statistical error index applied in this study. 

Table 2. Statistical error index. 

Statistical Error Index Description 

RMSE = ඨ∑ (X୭ୠୱ,୧ − X୫୭ୢୣ୪,୧)ଶ୬୧ୀଵ n  

The Root Mean Square Error (RMSE) is a frequently used 
measure of the difference between values predicted by a 
model and the values observed from the field. These 
individual differences are also called residuals, and the 
RMSE serves to aggregate them into a single measure of 
predictive power [36] 

MBE = 1n ෍(X୫୭ୢୣ୪,୧ − X୭ୠୱ,୧)୬
୧ୀଵ  

Mean bias error (MBE) is primarily used to estimate the 
average bias in the model and to decide if any steps need to 
be taken to correct the model bias. MBE captures the 
average bias in the prediction. The lower values of errors 
and considerably higher value of correlation coefficient for 
the variable and direction are of greater importance [37] MAPE= 100 ൈ 1n ൈ ෍ ቆX୭ୠୱ,୧ − X୫୭ୢୣ୪,୧X୭ୠୱ,୧ ቇ୬

୧ୀଵ  

The mean absolute percentage error (MAPE) is a measure 
of prediction accuracy of a forecasting method in statistics. 
The MAPE measures the size of the error in terms of 
percentage. It is calculated as the average of the unsigned 
percentage error [38] 

Xobs is the observed value and Xmodel is the modelled value at time or place, i. 

3. Results and Discussion 

The field measurement was carried out to preliminarily identify the existing layout of the drip 
irrigation system including the pipe sizes, pipe lengths, pipe diameters, and pipe components. 
Hydraulic measurements involving discharge and pressure measurements were then carried out to 
assess the hydraulic performance of the existing drip irrigation system. Results from the 
measurements are presented in Section 3.1. Next, modelling work was performed to gain insight into 
how the existing drip irrigation system operates. Results obtained from the measurements were 
compared with the model outputs and are presented in Sections 3.2 and 3.3. 

3.1. Hydraulic Performance of an Existing Drip Irrigation System 

The overall hydraulic performance of the drip irrigation system with different operating 
pressures is shown in Table 3. Four different operating pressures, i.e., 15.3, 20.4, 25.5, and 28.6 m were 
applied in this study. For all operating pressures, the coefficient uniformity (CU), the coefficient of 

Figure 4. Parameters involved in calculating minor loss for online type emitters [7].



Water 2020, 12, 2295 7 of 14

For the drip irrigation system, the layout was prepared in the model to represent the existing
drip irrigation system in the greenhouse. To validate the model, a comparison result between model
and measurement was carried out. The statistical error indexes (e.g., RMSE, MBE, and MAPE) were
calculated to determine the performance of the model. Table 2 shows the equations and associated
descriptions of the statistical error index applied in this study.

Table 2. Statistical error index.

Statistical Error Index Description

RMSE =

√∑n
i=1 (Xobs,i−Xmodel,i)

2

n

The Root Mean Square Error (RMSE) is a frequently
used measure of the difference between values
predicted by a model and the values observed from
the field. These individual differences are also called
residuals, and the RMSE serves to aggregate them
into a single measure of predictive power [36]

MBE = 1
n

n∑
i=1

(
Xmodel,i −Xobs,i

)
Mean bias error (MBE) is primarily used to estimate
the average bias in the model and to decide if any
steps need to be taken to correct the model bias. MBE
captures the average bias in the prediction. The lower
values of errors and considerably higher value of
correlation coefficient for the variable and direction
are of greater importance [37]

MAPE = 100× 1
n ×

n∑
i=1

(Xobs,i−Xmodel,i
Xobs,i

) The mean absolute percentage error (MAPE) is a
measure of prediction accuracy of a forecasting
method in statistics. The MAPE measures the size of
the error in terms of percentage. It is calculated as the
average of the unsigned percentage error [38]

Xobs is the observed value and Xmodel is the modelled value at time or place, i.

3. Results and Discussion

The field measurement was carried out to preliminarily identify the existing layout of the
drip irrigation system including the pipe sizes, pipe lengths, pipe diameters, and pipe components.
Hydraulic measurements involving discharge and pressure measurements were then carried out to
assess the hydraulic performance of the existing drip irrigation system. Results from the measurements
are presented in Section 3.1. Next, modelling work was performed to gain insight into how the existing
drip irrigation system operates. Results obtained from the measurements were compared with the
model outputs and are presented in Sections 3.2 and 3.3.

3.1. Hydraulic Performance of an Existing Drip Irrigation System

The overall hydraulic performance of the drip irrigation system with different operating pressures
is shown in Table 3. Four different operating pressures, i.e., 15.3, 20.4, 25.5, and 28.6 m were applied in
this study. For all operating pressures, the coefficient uniformity (CU), the coefficient of variation (CV)
the emission uniformity (EU), and the emitter flow variation (EFV) parameters were assessed.

Based on Table 3, results show that the existing drip irrigation system performs well, operating at
all operating pressures. Hydraulic parameters such as CU and EU indicate that the existing system
operates in an excellent fashion when both parameters are under excellent classification. According
to [39,40], high coefficients of uniformity of at least 85% and emission uniformity greater than 90%
indicate a well-designed drip irrigation system.

The coefficient of variation (CV) shows an excellent level of flow variation with the marginal
values between 0.02 and 0.03. The results of emitter flow variation (EFV) are greater than 10% when
operated at pressures 15.3 m and 28.6 m and are considered acceptable, while at 20.4 m and 25.5 m
pressure operations, the emitter flow variation is 10%, considered as desirable. This result indicates that
the higher and lower pressures are affected by the variation of discharge in each emitter. This finding is
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similar to the study conducted by [20], who found that the CU, CV, and EU are classified as excellent but
the EFV is classified as inacceptable. The EFV result obtained by [41] could be due to the type of emitter
used. In their study, non-pressure compensating emitters were applied. The pressure compensating
emitter, the one that is applied in the existing drip irrigation system, will give approximately the same
flow rate for a specified operating pressure range. In contrast, the non-pressure compensating emitter
requires a constant operating pressure to obtain uniform water distribution. Overall, according to
the ASAE standard, the coefficient values of the uniformity parameters obtained in this study were
found to be within the excellent range. The existing drip irrigation system is well-designed; however,
the question remains as to whether the existing drip irrigation system at Laman Sayur, MAEPS Serdang,
is under- or over-operated.

Table 3. Coefficient values and classification of hydraulic parameters of the existing drip irrigation system.

No Hydraulic Parameter Pressure (m)

15.3 20.4 25.5 28.6

1
Coefficient of uniformity, CU (%) 98.20 98.28 98.23 97.87

Classification excellent excellent excellent excellent

2
Coefficient of variation, CV (-) 0.02 0.02 0.02 0.023

Classification excellent excellent excellent excellent

3
Emission uniformity, EU (%) 97.54 97.53 97.12 96.75

Classification excellent excellent excellent excellent

4
Emitter flow variation, EFV (%) 10.29 10.00 10.00 13.60

Classification acceptable desirable desirable acceptable

3.2. Comparing Model Results and Measurement: Pressure and Discharge in Lateral Pipes 1 and 2

Figure 5 shows the results comparison between model and measurement for discharge and
pressure in lateral pipe 1 and lateral pipe 2. The discharge data collected from ten emitters in lateral
pipe 1 show that the measurement is similar to the discharge output from the model. The emitter
installed in the system is a pressure compensated type; therefore, the flow rate is set at 2 L/h for
operating pressure ranges from 15.3 m to 40.8 m in the model. The measured discharges at all ten
emitters show that the reading is approximately 2.00 L/h, where the maximum reading is 2.07 L/h at
emitters 4, 13, and 24, and the lowest reading is 1.95 L/h, observed at the lateral end, i.e., emitter 100.
The measured pressure reading at the beginning of the manifold was 26.03 m. In lateral pipe 1,
the measured pressure at the emitter 4 was 24.46 m. In comparison, the model pressure is 25.54 m,
slightly higher than the measured value. Both the measured and model pressure readings at the
emitters show a further decrease, indicating that losses have occurred in the pipe. The calculated
head loss, hf, considering both friction and minor losses for lateral pipe 1 shows an increasing loss,
starting lower, hf = 0.49 m at the lateral front and higher, hf = 4.63 m at the lateral end. The measured
pressure of the last emitter, i.e., point 100 is 21.77 m, slightly higher than the model’s pressure which is
21.40 m.

Similar to the results obtained in lateral pipe 1, the discharge data collected from ten emitters
along lateral pipe 2 are in agreement with the discharge output from the model. Measured discharges
range from 1.95 L/h to 2.07 L/h along lateral pipe 2 (see Figure 5c). Modelled discharge is constant
at 2.00 L/h at all emitters as the pressure compensated emitter was used. Pressure drop is observed
both during the measurement and in the model. However, the measured pressures are slightly lower
than the modelled pressures as can be seen in Figure 5d. The measured pressure at the emitter front
is 24.46 m while the model output gives pressure of 25.67 m. The measured pressure at the emitter
end is 20.89 m and underpredicts the modelled pressure, which is 21.54 m. The calculated head loss,
hf, considering both friction and minor losses for lateral pipe 2 shows an increasing loss, starting lower,
hf = 0.13 m at the emitter front and higher, hf = 4.62 m at the emitter end.
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3.3. Model Performance

Statistical error indexes are used to determine the performance of the observed data as compared
to model outputs. Three error indexes, i.e., the Root Mean Square Error (RMSE), the Mean Bias
Error (MBE), and the Mean Absolute Percentage Error (MAPE) were used. In this study, these three
performance indicators were calculated using equations provided in Table 2 for each lateral pipe.
The computed errors are displayed in Table 4.

Table 4. Statistical error index for measurement data.

Discharge (L/h)

Error Index RMSE (L/h) MAPE (%) MBE (L/h)

Lateral pipe 1 0.04 1.7 0.03
Lateral pipe 2 0.04 1.7 0.02

Pressure (m)

Lateral pipe 1 0.61 2.2 0.51
Lateral pipe 2 0.79 3.0 0.68

From Table 4, the error index of discharge for lateral pipe 1 is similar to that of the error index for
lateral pipe 2. The RMSE recorded an error of 0.04–2 L/h—for both lateral pipe 1 and lateral pipe 2,
respectively. The MBE recorded a bias error of 0.03 L/h for lateral pipe 1 and 0.02 L/h for lateral pipe
2. On the other hand, MAPE for the two lateral pipes gives similar results, an absolute percentage
error at 1.7%. As can be seen in Figure 6 (lower panels), the R2 pressures for both lateral pipes are
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0.99, indicating a perfect fit between measurement and model. This shows that the model yields good
performance in term of discharge.
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Figure 6. Modelled and observed pressure (upper) and discharge (lower) on lateral pipe 1 and lateral
pipe 2. (a) Pressure on lateral pipe 1; (b) Pressure on lateral pipe 2; (c) Discharge on lateral pipe 1;
(d) Discharge on lateral pipe 2.

The error index is also calculated for pressure distribution along the lateral pipes. From Table 4,
the RMSE recorded an error of 0.61 m and 0.79 m for lateral pipe 1 and lateral pipe 2, respectively.
The MBE gives a mean bias of 0.51 m and 0.68 m for lateral pipe 1 and lateral pipe 2. The MAPE
result shows that an absolute error is 2.2% and 3.0% along lateral pipe 1 and lateral pipe 2, respectively.
The R2 discharge for lateral pipe 1 is 0.97 while for lateral pipe 2, it is 0.91. This could be due to the
condition of the emitters and the lateral pipes. A minor clogging is expected to occur, which leads
to inconsistent results between lateral pipes 1 and 2. Although R2 for lateral pipe 2 is slightly lower
than that for lateral pipe 1, a good fit between measurement and model is achieved. This shows
that the model gives good performance in terms of pressure. According to [42,43], the maximum
error between the model and observation results should be less than 10%. In this study, the errors
calculated are below 10%, i.e., 2.2% and 3.0% for pressure and 1.7% for discharge in lateral 1 and lateral
2, thus indicating that the model’s performance is good. This indicates that this model replicates the
existing drip irrigation system and therefore can be used to improve the performance of any new drip
irrigation systems in the future, provided that a similar design layout is applied.

Based on the comparison between lateral pipe 1 and lateral pipe 2, the error for discharge for
lateral pipe 1 is similar to that of lateral pipe 2. On the other hand, the error for pressure distribution for
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lateral pipe 2 is slightly higher than that of lateral pipe 1. The performance of the existing drip irrigation
system can be assessed through analytical solutions. Baiamonte [11,17,44] provided a simple analytical
solution to estimate the minimum pressure required for a horizontal lateral pipe. This solution could
be used to provide a quick estimate of the inlet pressure required for a drip irrigation system.

Assuming that the pressure head tolerance is 0.1 (10%), the minimum inlet pressure required for
the existing drip irrigation system at Laman Sayur, MAEPS, is 24.70 m. It is observed that the existing
inlet pressure is 28.56 m, higher than the required minimum inlet pressure, thus the existing system is
over-operated. The analytical solution also can be used to check the condition of the entire range of
pressure used in the drip irrigation system. For lateral pipe 1, the minimum and maximum pressures at
emitter are 20.27 m and 24.78 m, respectively. For lateral pipe 2, the minimum and maximum pressures
at emitter are 19.96 m and 24.39 m, respectively. The measured pressures at emitters along the lateral
pipes 1 and 2 are within the minimum and maximum pressure range.

Numerical modelling helps to determine the right components and specifications to obtain the
best design, especially in determining the pump power needed to carry out irrigation operations at an
optimum efficiency. Employing the right pump power can save costs while increasing the efficiency of
a drip irrigation system.

4. System Curve and Pump Curve

The analysis of this study is extended by developing a system curve. The system curve is
developed to determine the pump characteristic that is best suited to a system and its distance to
determine the operating point for maximum efficiency. The measured value for head loss along the
lateral pipe is about 4.3 m; the minimum pressure to be maintained in the first emitter is 19.3 m so as to
maintain the pressure at 15 m in the last emitter at the end of the lateral pipe. The existing system
employs an OSIP pump, model ZM 100, with a 0.75 kW power pump. The head range for the pump is
between 31 m and 11 m associated with a flow rate ranging from 10 L/min to 90 L/min, respectively.

The pressure applied to this system is within 4.3 m of the head drop along the lateral pipes.
The minimum pressure required to ensure a consistent discharge at 2 L/h is 15 m. For the existing drip
irrigation system, the pump operates at a pressure of 31 m for a discharge of 13.2 L/m as shown in
Figure 7. This indicates that the pressure applied is excessive for the pump used. The ideal capacity
for this pump is a flow rate of 52.8 L/min at an operating pressure of 25 m and maintaining a lateral
pressure of 15 m (head loss at the system before lateral pipe equals 5.5 m). With this setup (the discharge
of 52.8 L and a 25 m operating pressure), the pump can operate at a minimum of four times the capacity
of the existing system by setting a minimum pressure of 15 m along the lateral pipes.

In this study it was found that the drip irrigation system can effectively operate by providing
the required discharge. This irrigation system uses a pressure compensated dripper with the aim of
obtaining a uniform discharge for each plant. The use of a pressure compensated dripper requires
the control of certain pressure operations to obtain the desired flow rate. For this study, the required
operating pressure is between 15.3–40.8 m. With the EPANET software it is easier to determine the
right number of plants required for the desired pressure setting. EPANET will visually show each
node (fitting, valve, and emitter) including flowrate, pressure, etc. With this information, the number
of emitters and plants can be identified more easily. This will ensure that the designed system can
operate at high efficiency. Based on the results from the model, it is inferred that the existing drip
irrigation system is being operated in over-powered state. With the current pump power being used,
the irrigation system could operate at four times the capacity of the existing irrigation system. In order
to maintain the operating pressure at 15 m throughout the lateral pipe, a total flowrate of 52.8 L/min is
required. A pump with a lower capacity of 0.56 kW can be used. The use of a lower power pump will
reduce operating costs.
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5. Conclusions

The hydraulic performance and modelling of the pressurized drip irrigation system of a small
greenhouse plantation were studied. The ASAE standard was applied to investigate the hydraulic
performance of the existing drip irrigation system. Statistical error indexes were used to indicate
the performance of the model. The modelling helps to determine the appropriate components and
specifications to obtain the best design, especially in determining the pump power needed to carry
out irrigation operations at an optimum efficiency. Using the right pump power can save costs
while increasing efficiency. An agreement between model and measurement is achieved with a low
error index for all error indexes, i.e., RMSE, MAPE, and MBE. The RMSE shows errors of 0.04 L/h,
and the mean bias error is between 0.02 L/h and 0.03 L/h for the flow rate distribution. For the
pressure distribution, the RMSE ranges between 0.61 and 0.79 m and the mean bias error range is from
0.51 m to 0.68 m. The maximum error between the model and measurement results is less than 10%,
thus indicating that the model has good performance and can be used to improve performance of drip
irrigation systems in the future.

For hydraulic performance, from the results of different hydraulic parameters such as the emission
uniformity (EU), the coefficient of uniformity (CU), and the coefficient of variation (CV), it can be
seen that the drip irrigation system at Laman Sayur, MAEP Serdang, performs well and has met
the ASAE standards. The emitter flow variation (EFV) is more than 10% for the 28.6 m and 15.3 m
operation pressures where it is classified as acceptable, whereas for the 20.4 m and 25.5 m pressure
operations the EFV gives a value of 10%, which is considered as desirable. Hydraulic performance
studies of drip irrigation systems help in determining the appropriate range of operating pressure,
type of emitter, distance between emitter, and discharge of each emitter. If the discharge information
for each emitter is known, the timing for irrigation can be determined based on the needs of the
crop. In conclusion, the results obtained from this study help in determining the desired irrigation
capacity using an appropriate pump. The hydraulic performance of the studied system shows that it is
optimized by setting the operating pressure within the range of 15.3 to 40.3 m, as recommended by
the emitter manufacturer. The modelling procedures presented in this study can be applied to other
irrigation systems such as commercial growers producing small fruit and vegetables with or without
plastic mulch.
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