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Abstract: Low pressure oscillating water flow can reduce the investment and energy consumption
of irrigation. It is also effective in reducing the clogging of an emitter and improving the spraying
quality of sprinklers. In order to overcome the problem of the complex process in calculating the
amplitude of the pressure head loss of oscillating water flow in different types of pipes, in this study,
an empirical equation for the amplitude of the pressure head loss of oscillating water flow in different
types of pipe has been developed. Further, validation experiments have been conducted to verify the
accuracy of the calculated amplitudes of the pressure head loss by the empirical equation. The results
show that average relative error between the measured and the calculated amplitudes of the pressure
head loss by the empirical equation is 10.77%. Since the relative errors are small, it is an indication that
the amplitudes of the pressure head loss calculated by the empirical equation are accurate. For the
empirical equation developed in this study, the sensitivity of the model parameters has been analyzed.
The results show that the amplitude of velocity, the internal pipe diameter, and the length of pipe
are classified as highly sensitive. The average velocity, the period of oscillating water flow, and the
modulus of elasticity of the pipe material are classified as sensitive. The thickness of the pipe wall is
classified as medium sensitive. Compared with the calculation models of the existing researches,
the empirical equation reduces the number of parameters required to be calculated, by which many
complicated calculations are avoided, which greatly improves the computing efficiency. This is
conducive to the efficient operation and management of oscillating water flow in irrigation pipe
networks and also provides help for the optimal design of irrigation pipe networks.

Keywords: irrigation; oscillating water flow; different types pipe; amplitude of pressure head loss;
empirical equation; sensitivity analysis

1. Introduction

The considerable investment and cost of energy required for irrigation greatly challenges the
wide application of irrigation. The main method to lower the operating and energy costs in irrigation
is to reduce the operating pressure of irrigation. Irrigation with low operating pressure does not
require high-power pumps or other high-standard water supply facilities. This is conducive to the
wide application of irrigation in areas where water-supply facilities are inadequate and sparse [1–6].
Low-pressure drip irrigation uses lower water pressure, which produces slow water flow velocity in
the emitter. Due to the slow flow velocity, it increases the probability of the suspended solids being
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deposited in the emitter passage, resulting in more clogging of the emitter [7–10]. Sprinkler irrigation
under low pressure gives an uneven water distribution, excessive high sprinkler intensity in areas
where the water distribution is concentrated, or excessive kinetic energy of water droplets. All of
these result in soil erosion and surface runoff [11,12]. Currently, the common method to overcome
these problems is to optimize the structures of the emitters and sprinklers. For example, the geometric
parameters of the flow passage of the emitter are designed so as to alleviate clogging of the emitter
under low operating pressure [13–16]. Furthermore, adding a water dispersing device, jet device,
or other devices to the sprinklers can improve the uniformity of the water distribution under low
operating pressure [17–19]. However, the optimization of such equipment structures requires time and
capital investment, and the effects of the optimizations remain limited.

Traditional irrigation uses constant water pressure. However, in recent years, the applications
of oscillating water flow with low operating pressure in irrigation showed that they can overcome
the above-mentioned problems. The turbulence in the passage of emitter is more intense because of
the oscillating water flow, thereby increasing the water flow velocity in the emitter, decreasing the
probability of deposition of the suspended solids in the emitter passage, and reducing the clogging in the
emitter [20–22]. Oscillating water flow can significantly improve the uniformity of the water distribution
of sprinklers and reduce the high sprinkler intensity and kinetic energy of water droplets of sprinklers,
thereby lessening soil erosion and surface runoff [23–26]. This application differs from common transient
flow, such as water hammers in water conservancy engineering structures (e.g., hydropower stations
and pump stations), where instantaneous pressure head changes irregularly over time. The research
on water hammers is relatively mature, and many methods, such as the method of characteristics,
have been developed, which can calculate the instantaneous pressure head [27–32]. On the other hand,
the instantaneous pressure head of oscillating water flow changes periodically over time, and both
the maximum and minimum instantaneous pressure heads remain basically the same, as shown in
Figure 1. The variation law of the instantaneous discharge and instantaneous velocity of oscillating
water flow with time is similar to that of instantaneous pressure head. However, the research on the
instantaneous pressure head calculation of oscillation water flow has only just started, in which a
complex function has been used to solve both the continuity equation and the momentum equation of
transient flow. A model that can calculate the amplitude of the pressure head loss of oscillation water
flow in a pipe accurately has been developed [33].
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Figure 1. Instantaneous pressure head of oscillating water flow.

As mentioned above, the earlier research on oscillating water flow in irrigation focuses on
improving the spraying quality of low-pressure sprinkler irrigation as well as the anti-clogging effect
of emitters. After oscillating water flow is generated, it can only reach the sprinklers and emitters
through a pipe. However, using the calculation models from the existing research to calculate the
amplitude of the pressure head loss of oscillating water flow needs a computer to carry out many
complicated calculations. In the absence of a computer, it is not convenient and efficient to calculate
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the amplitude of the pressure head loss using the existing calculation models. Hence, it is not efficient
to use the existing calculation models to design and operate irrigation pipe networks. In addition,
the earlier research shows that the existing calculation models only give high accuracy for flow in PVC
(Polyvinyl chlorid) pipe.

Therefore, in order to overcome the problem of the complex calculation process of the
amplitude of the pressure head loss of oscillating water flow in different types of pipe, in this
study, Buckingham’s pi-theorem has been used to conduct a dimensional analysis of the physical
parameters of oscillating water flow in a pipe. In addition, experiments of oscillating water flow
in different types of pipe have been conducted. In order to develop an empirical equation for the
amplitude of the pressure head loss of oscillating water flow in different types of pipe, the SPSS
software (Statistical Product and Service Solutions) has been used for the regression analyses of the
experimental data. In order to verify the accuracy of the empirical equation, validation experiments
have been conducted. Finally, the sensitivity of the parameters of the empirical equation have been
analyzed. The objective of this study is to develop an equation that can be used to calculate the
amplitude of the pressure head loss of oscillating water flow in different types of pipe and for the
design and operation of pipe networks.

2. Material and Methods

2.1. Experiments

2.1.1. Experimental Equipment and Procedure

As shown in Figure 2, the main components of the experimental equipment for testing the
oscillating water flow are the pipes, water tank, pump, variable frequency drive, computer, pressure
transducers (range = 0–0.6 MPa, accuracy = 0.1%), and electromagnetic flowmeter (range = 0.07–80 m3/h).
The oscillating water flow is generated by a programmable logic controller (PLC), variable frequency
drive, and pump. The program for the oscillating water flow mode is input into the programmable
logic controller to control the variable frequency drive, which controls the operating frequency of the
pressurized pump. When setting the oscillating water flow parameters, the maximum and minimum
of instantaneous pressure heads can also be set, and the period of oscillating water flow can be adjusted.
The pressure signal and discharge signal are recorded by a signal collector and sent to a computer.
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2.1.2. Experimental Setup

In order to develop an empirical equation for the amplitude of the pressure head loss of different
types of pipe, five pipes of different types have been used in the experiments. The modulus of elasticity
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of the five pipes are different. Figure 3 shows the five types of pipes. The pipe used in the experimental
Cases C1-1 to C1-8 is PE (polyethylene) drip tape. The pipe used in the experimental Cases C2-1 to
C2-8 is ABS (acrylonitrile-butadiene-styrene) pipe. The pipe used in the experimental Cases C3-1 to
C3-8 is PVC (polyvinyl chloride) pipe. The pipe used in the experimental Cases C4-1 to C4-8 is PS
(polystyrene) pipe. Finally, the pipe used in the experimental Cases C5-1 to C5-8 is PP (perspex) pipe.
For the 40 experimental cases, the physical parameters of the oscillating water flow and the pipe are
shown in Table 1. For each experimental case, pressure transducers have been installed along the 48 m
long pipe at an interval of 8 m so as to measure the flow pressure at six different locations along the
pipe. Therefore, for the 40 experimental cases, 240 pressure data points have been obtained.

Table 1. Physical parameters of oscillating water flow and pipe used in the experiments.

Case ¯
H1(m) h*

1(m)
¯

V1(m/s) v*
1(m/s) P(s) E(109N/m2) D(m) δ L(m)

C1-1 3.92 2.48 0.6 0.25 30 0.8 0.0274 0.0003 48
C1-2 5.17 3.36 0.72 0.35 43 0.8 0.0312 0.0004 48
C1-3 8.69 1.99 1.2 0.12 36 0.8 0.0392 0.0004 48
C1-4 7.67 5.2 1.18 0.6 55 0.8 0.047 0.0005 48
C1-5 10.21 4.49 1.48 0.5 70 0.8 0.049 0.0005 48
C1-6 11.76 4.86 1.68 0.5 78 0.8 0.0616 0.0007 48
C1-7 13.36 5.39 2.32 0.48 65 0.8 0.0734 0.0008 48
C1-8 8.18 3.17 1.82 0.52 86 0.8 0.0784 0.0008 48
C2-1 24.11 12.32 1.21 0.67 89 1.7 0.0206 0.0022 48
C2-2 25.3 19.4 1.53 1.12 63 1.7 0.027 0.0025 48
C2-3 21.02 8.25 1.74 0.56 70 1.7 0.034 0.003 48
C2-4 14.38 4.95 1.69 0.31 49 1.7 0.0434 0.0033 48
C2-5 13.06 3.4 2.07 0.36 35 1.7 0.0654 0.0048 48
C2-6 8.89 7.67 1.94 0.76 58 1.7 0.079 0.0055 48
C2-7 5.18 4.25 1.51 0.79 43 1.7 0.0884 0.0058 48
C2-8 3.87 2.81 1.4 0.6 80 1.7 0.098 0.006 48
C3-1 37.15 10.34 1.67 0.47 51 2.6 0.021 0.002 48
C3-2 26.3 15.34 1.93 0.76 43 2.6 0.028 0.002 48
C3-3 24.84 8.63 1.92 0.55 60 2.6 0.036 0.002 48
C3-4 13.31 10.48 1.50 0.93 85 2.6 0.0452 0.0024 48
C3-5 13.64 6.33 2.05 0.67 76 2.6 0.057 0.003 48
C3-6 9.59 7.42 2.04 0.87 69 2.6 0.0814 0.0043 48
C3-7 5.43 3.55 1.61 0.73 95 2.6 0.0916 0.0042 48
C3-8 3.32 2.54 1.33 0.48 34 2.6 0.1016 0.0042 48
C4-1 37.54 10.29 1.68 0.39 54 5 0.021 0.002 48
C4-2 25.27 20.34 1.54 1.08 72 5 0.028 0.002 48
C4-3 27.41 4.59 2.12 0.3 93 5 0.0364 0.0018 48
C4-4 14.28 12.16 2.01 1.03 31 5 0.058 0.0025 48
C4-5 8.84 6.72 1.66 1.07 84 5 0.069 0.003 48
C4-6 8.23 4.22 1.73 0.45 47 5 0.074 0.003 48
C4-7 12.47 4.1 2.39 0.42 62 5 0.083 0.0035 48
C4-8 6.78 3.95 1.85 0.38 41 5 0.092 0.004 48
C5-1 29.44 25.62 1.41 0.99 79 6 0.0224 0.0013 48
C5-2 17.86 15.81 1.6 1.2 71 6 0.037 0.0015 48
C5-3 14.83 7.91 1.7 0.49 36 6 0.046 0.002 48
C5-4 21.78 4.6 2.54 0.33 54 6 0.058 0.0025 48
C5-5 16.63 12.59 2.47 1.29 87 6 0.0696 0.0027 48
C5-6 9.47 5.22 2.07 0.48 45 6 0.084 0.003 48
C5-7 4.52 3.91 1.48 0.61 30 6 0.093 0.0035 48
C5-8 3.58 1.56 1.41 0.29 65 6 0.103 0.0035 48

H1 = average pressure head at Cross-section 1-1; h∗1 = amplitude of pressure head at Cross-section 1-1;V1 = average
velocity at Cross-section 1-1; v∗1 = amplitude of velocity at Cross-section 1-1; P = period of the oscillating water flow;
E = modulus of elasticity of the pipe material; D = internal pipe diameter; δ = thickness of the pipe wall; and L =
length of pipe between Cross-section 1-1 and Cross-section 2-2.
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2.2. Calculation Model

As shown in Figure 4, Cross-section 1-1 and Cross-section 2-2 are two cross-sections along the
pipe, and Cross-section 2-2 is 48 m downstream of Cross-section 1-1.

Water 2020, 12, x FOR PEER REVIEW 5 of 17 

 

Table 1. Physical parameters of oscillating water flow and pipe used in the experiments. 

Case 𝐇𝟏(m) 𝐡𝟏∗ (m) 𝐕𝟏(𝐦 𝐬⁄ ) 𝐯𝟏∗(𝐦 𝐬⁄ ) P(s) E(𝟏𝟎𝟗 𝐍 𝐦𝟐⁄ ) D(m) 𝛅(m) L(m) 
C1-1 3.92 2.48 0.6 0.25 30 0.8 0.0274 0.0003 48 
C1-2 5.17 3.36 0.72 0.35 43 0.8 0.0312 0.0004 48 
C1-3 8.69 1.99 1.2 0.12 36 0.8 0.0392 0.0004 48 
C1-4 7.67 5.2 1.18 0.6 55 0.8 0.047 0.0005 48 
C1-5 10.21 4.49 1.48 0.5 70 0.8 0.049 0.0005 48 
C1-6 11.76 4.86 1.68 0.5 78 0.8 0.0616 0.0007 48 
C1-7 13.36 5.39 2.32 0.48 65 0.8 0.0734 0.0008 48 
C1-8 8.18 3.17 1.82 0.52 86 0.8 0.0784 0.0008 48 
C2-1 24.11 12.32 1.21 0.67 89 1.7 0.0206 0.0022 48 
C2-2 25.3 19.4 1.53 1.12 63 1.7 0.027 0.0025 48 
C2-3 21.02 8.25 1.74 0.56 70 1.7 0.034 0.003 48 
C2-4 14.38 4.95 1.69 0.31 49 1.7 0.0434 0.0033 48 
C2-5 13.06 3.4 2.07 0.36 35 1.7 0.0654 0.0048 48 
C2-6 8.89 7.67 1.94 0.76 58 1.7 0.079 0.0055 48 
C2-7 5.18 4.25 1.51 0.79 43 1.7 0.0884 0.0058 48 
C2-8 3.87 2.81 1.4 0.6 80 1.7 0.098 0.006 48 
C3-1 37.15 10.34 1.67 0.47 51 2.6 0.021 0.002 48 
C3-2 26.3 15.34 1.93 0.76 43 2.6 0.028 0.002 48 
C3-3 24.84 8.63 1.92 0.55 60 2.6 0.036 0.002 48 
C3-4 13.31 10.48 1.50 0.93 85 2.6 0.0452 0.0024 48 
C3-5 13.64 6.33 2.05 0.67 76 2.6 0.057 0.003 48 
C3-6 9.59 7.42 2.04 0.87 69 2.6 0.0814 0.0043 48 
C3-7 5.43 3.55 1.61 0.73 95 2.6 0.0916 0.0042 48 
C3-8 3.32 2.54 1.33 0.48 34 2.6 0.1016 0.0042 48 
C4-1 37.54 10.29 1.68 0.39 54 5 0.021 0.002 48 
C4-2 25.27 20.34 1.54 1.08 72 5 0.028 0.002 48 
C4-3 27.41 4.59 2.12 0.3 93 5 0.0364 0.0018 48 
C4-4 14.28 12.16 2.01 1.03 31 5 0.058 0.0025 48 
C4-5 8.84 6.72 1.66 1.07 84 5 0.069 0.003 48 
C4-6 8.23 4.22 1.73 0.45 47 5 0.074 0.003 48 
C4-7 12.47 4.1 2.39 0.42 62 5 0.083 0.0035 48 
C4-8 6.78 3.95 1.85 0.38 41 5 0.092 0.004 48 
C5-1 29.44 25.62 1.41 0.99 79 6 0.0224 0.0013 48 
C5-2 17.86 15.81 1.6 1.2 71 6 0.037 0.0015 48 
C5-3 14.83 7.91 1.7 0.49 36 6 0.046 0.002 48 
C5-4 21.78 4.6 2.54 0.33 54 6 0.058 0.0025 48 
C5-5 16.63 12.59 2.47 1.29 87 6 0.0696 0.0027 48 
C5-6 9.47 5.22 2.07 0.48 45 6 0.084 0.003 48 
C5-7 4.52 3.91 1.48 0.61 30 6 0.093 0.0035 48 
C5-8 3.58 1.56 1.41 0.29 65 6 0.103 0.0035 48 H  = average pressure head at Cross-section 1-1; h∗  = amplitude of pressure head at Cross-section 1-

1; V  = average velocity at Cross-section 1-1; v∗  = amplitude of velocity at Cross-section 1-1; P = 
period of the oscillating water flow; E = modulus of elasticity of the pipe material; D = internal pipe 
diameter; δ = thickness of the pipe wall; and L = length of pipe between Cross-section 1-1 and Cross-
section 2-2. 

2.2. Calculation Model 

As shown in Figure 4, Cross-section 1-1 and Cross-section 2-2 are two cross-sections along the 
pipe, and Cross-section 2-2 is 48 m downstream of Cross-section 1-1. 

 

Figure 4. Locations of Cross-section 1-1 and Cross-section 2-2 along the pipe. 
Figure 4. Locations of Cross-section 1-1 and Cross-section 2-2 along the pipe.

As shown in Figure 1, the instantaneous pressure head and discharge of the oscillating water flow
at Cross-section 1-1 can be described as follows [33]:

H1 = H1 + h1 (1)

Q1 = Q1 + q1 (2)

where H1 is the instantaneous pressure head (m); H1 is the average pressure head, which is the average
of all the instantaneous pressure heads (m); h1 is the instantaneous pressure head deviation from the
average (m); Q1 is the instantaneous discharge (m3/s); Q1 is the average discharge, which is the average
of all the instantaneous discharges (m3/s); and q1 is the instantaneous discharge deviation from the
average (m3/s).

The relationship between the instantaneous discharge and velocity at Cross-section 1-1 is as follows:

Q1 = A×V1 (3)

where V1 is the instantaneous velocity (m/s); and A is the cross-sectional area of the flow in the pipe (m2).
According to Equations (2) and (3), the instantaneous velocity, V1, can be expressed as follows:

V1 = V1 + v1 (4)
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where V1 is the average velocity, which is the average of all the instantaneous velocities (m/s); and v1 is
the instantaneous velocity deviation from the average (m/s).

Equations (1)–(4) show that the oscillating water flow has constant features as well as variable
features. The average instantaneous pressure head, discharge, and velocity are the constant
features of the oscillating water flow. The instantaneous pressure head deviation from the average,
the instantaneous discharge deviation from the average, and the instantaneous velocity deviation from
the average are the variable features of the oscillating water flow.

The instantaneous pressure head deviation from the average, h1, the instantaneous discharge
deviation from the average, q1, and the instantaneous velocity deviation from the average, v1, can be
expressed as follows:

h1 = h∗1 sin(ωt) (5)

q1 = q∗1 sin(ωt) (6)

v1 = v∗1 sin(ωt) (7)

where sin(ωt) is the sine function; h∗1 is the amplitude of the pressure head (m); q∗1 is the amplitude
of the discharge (m3/s); v∗1 is the amplitude of the velocity (m/s);ω is the frequency of the oscillating
water flow (rad/s), and t is time (s). Further,ω is related to P, as follows:

ω =
2π
P

(8)

where P is the period of the oscillating water flow (s).
When sin(ωt) = 1, the maximum instantaneous pressure head, discharge, and velocity can be

obtained from Equations (1)–(7). Similarly, when sin(ωt) = −1, the minimum instantaneous pressure
head, discharge, and velocity can be obtained by Equations (1)–(7).

When the oscillating water flows along the pipe, the average pressure head and the amplitude of
the pressure head at Cross-section 2-2 can be described as follows:

H2 = H1 −Hf (9)

h∗2 = h∗1 − h∗f (10)

where H2 is the average pressure head at Cross-section 2-2 (m); H1 is the average pressure head at
Cross-section 1-1 (m); Hf is the average pressure head loss between Cross-section 1-1 and Cross-section
2-2 along the pipe; h∗2 is the amplitude of the pressure head at Cross-section 2-2 (m); h∗1 is the amplitude
of the pressure head at Cross-section 1-1 (m); h∗f is the amplitude of the pressure head loss between
Cross-section 1-1 and Cross-section 2-2 along the pipe.

According to Equations (1), (5), (9), and (10), the average pressure head loss and the amplitude of
the pressure head loss are the keys to obtain the instantaneous pressure head of the oscillating water
flow at Cross-section 2-2.

Under the condition of constant water flow, several formulas, such as the Darcy–Weisbach and
the Hazen–Williams formulas, are widely used in irrigation engineering to calculate the pressure head
loss [34–37]. These formulas can also be used to calculate the average pressure head loss of oscillating
water flow with high accuracy. Therefore, the next step is to set up an empirical equation for the
amplitude of the pressure head loss of oscillating water flow of different types of pipe.

2.3. Dimensional Analysis

Buckingham’s pi-theorem is an effective way to solve complex hydraulic problems. By analyzing
the relationship between physical parameters, the theorem can be used to develop physical equations
that describe the movement of water flow [38–40]. For a more comprehensive analysis of a hydraulics
problem, according to Buckingham’s pi-theorem, the physical parameters should include the kinematic
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properties of water, physical properties of water, and the geometric properties of the boundary. All the
physical parameters are to be listed in a relational expression and each physical parameter is expressed
in terms of the dimensions mass (M), length (L), and time (T), as shown in Equation (11) and Table 2.

h∗f = ϕ
(
V1, v∗1, P, g,υ, ρ, E, D, δ, L

)
(11)

Table 2. Physical parameters that affect the amplitude of the pressure head loss of oscillating water flow.

Type of Physical
Parameter Symbol Parameter Dimension Unit

Dependent variable hf
∗ Amplitude of the pressure head loss between

Cross-section 1-1 and Cross-section 2-2 along the pipe L m

Independent variables V1 Average velocity at Cross-section 1-1 LT−1 m/s
v∗1 Amplitude of velocity at Cross-section 1-1 LT−1 m/s
P Period of oscillating water flow T s
g Acceleration due to gravity LT−2 m/s2

υ Kinematic viscosity of water L2T−1 m2/s
ρ Density of water ML−3 kg/m3

E Modulus of elasticity of the pipe material ML−1T−2 N/m2

D Internal pipe diameter L m
δ Thickness of the pipe wall L m

L Length of pipe between Cross-section 1-1 and
Cross-section 2-2 L m

Then, m physical parameters are selected from n physical parameters as the basic physical
parameters. The remaining physical parameters and the basic physical parameters constitute
n-m dimensionless π terms. The exponent of each dimensionless π term is calculated by the
following equation:

π =
xn−m

xa
1xb

2 · · · x
r
m

(12)

where x1, x2, and xm are the basic physical parameters; a, b, and r are the exponents of these basic
physical parameters, respectively. In this study, the kinematic viscosity of water υ, density of water ρ,
and the internal pipe diameter D have been selected as the basic physical parameters. The remaining
eight physical parameters and three basic physical parameters constitute eight dimensionless π terms,
and the relevant indexes of each π term have been determined according to Equation (12), as shown in
Table 3.

Table 3. Dimensionless π terms associated with the amplitude of the pressure head loss.

Pi Term π1 π2 π3 π4 π5 π6 π7 π8

Expression h∗f
D

V1D
υ

v∗1D
υ

Pυ
D2

gD3

υ2
ED2

ρυ2
δ
D

L
D

Substituting the dimensionless π terms in Table 3 into Equation (11) gives

h∗f
D

= ϕ

V1D
υ

,
v∗1D

υ
,

Pυ

D2 ,
gD3

υ2 ,
ED2

ρυ2 ,
δ

D
,

L
D

 (13)

2.4. Statistical Tests of Data

Statistical Product and Service Solutions (SPSS) is a software developed by IBM for statistical
analysis, data mining, prediction analysis and decision support tasks. The next step is to conduct
statistical tests on the data of the dimensionless π terms that have been obtained by the dimensional
analysis of the physical parameters of oscillating water flow and pipe used in the experiments. Then,
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the data of the dimensionless π terms have been transformed using a logarithmic function, and a linear
regression model has been fitted to the data using the SPSS software.

2.4.1. Multicollinearity Test

The value of the variance inflation factor (VIF) can indicate whether there is or there is no
multicollinearity between each independent variable. From Table 4, it can be seen that the value of the
VIF of each independent variable is less than 5. This is an indication that there is no multicollinearity
between each independent variable [41].

Table 4. Values of variance inflation factor (VIF).

Pi term π1 π2 π3 π4 π5 π6 π7

VIF 2.713 2.504 3.287 3.098 4.182 1.689 1.690

2.4.2. Normality Test

The normal probability–probability plot of standardized residual (p-p plot) can indicate whether
the residual among variables conforms to the normal distribution. From Figure 5, it can be seen that the
points are basically distributed along a straight line. This is an indication that the residual of variables
is normally distributed [42–44].
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2.4.3. Heteroscedasticity Test

The distribution of the standardized predicted values and the standardized residual can indicate
whether there is heteroscedasticity in the residual of the variables. From Figure 6, it can be seen that
the points are randomly distributed and do not show an obvious trend, and the points almost fill the
whole panel space. This is an indication that heteroscedasticity does not exist in the residual of the
variables [45,46].
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2.5. The Relative Error and Sensitivity Coefficient

The relative error is defined as:

Relative error =
(
|Measured value−Calculated value|

Measured value
× 100%

)
(14)

The sensitivity coefficient of each parameter can be calculated as follows [47,48]:

S =

∑n−1
i=1

(Yi+1−Yi)/Y0
(Ki+1−Ki)/100

n− 1
(15)

where S is the sensitivity coefficient; Y0 is the amplitude of the pressure head loss between Cross-section
1-1 and Cross-section 2-2 along the pipe as calculated by Equation (17) for the initial values of all
parameters (m); Yi is the amplitude of the pressure head loss calculated by Equation (17) after the ith
change of the target parameter when the other parameters remain unchanged at the initial value (m);
Yi+1 is the amplitude of the pressure head loss calculated by Equation (17) after the (i + 1)th change of
the target parameter when the other parameters remain unchanged at the initial value (m); Ki is the
changed percent ratio of the target parameter after the ith change (%); Ki+1 is the changed percent
ratio of the target parameter after the (i + 1)th change (%).

3. Results and Discussion

3.1. Results

The coefficients of Equation (13) have been determined by linear regression, thereby generating
the following empirical equation for the amplitude of the pressure head loss:

h∗f
D

= 0.00938
(

V1D
υ

)0.847(v∗1D

υ

)1.034(
Pυ

D2

)−0.035gD3

υ2

−1.063(
ED2

ρυ2

)−0.012(
δ

D

)−0.022( L
D

)1.013
(16)

The correlation coefficient, R2, of Equation (16) is 0.992. This is an indication that the calculated
amplitudes of the pressure head loss using Equation (16), and the experimental data are in very
good agreement. Table 5 shows the results of the regression analysis for each dimensionless π term.
Since p < 0.05 for all the terms, this is an indication that all the terms have significant influences on
the results of the regression analyses.
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Table 5. Results of regression analyses for all the terms in Equation (14).

Term in Equation (14) Coefficient Standard Deviation T test p-Value

Constant 0.00938 0.076 −26.688 < 0.05
V1D/υ 0.847 0.027 31.576 < 0.05
v∗1D/υ 1.034 0.017 60.56 < 0.05
Pυ/D2

−0.035 0.025 −1.404 < 0.05
gD3/υ2 −1.063 0.024 −43.525 < 0.05

ED2/ρυ2 −0.012 0.014 −0.822 < 0.05
δ/D −0.022 0.015 −1.464 < 0.05
L/D 1.013 0.013 77.786 < 0.05

Substituting g = 9.8 m/s2, υ = 1.01× 10−6 m2/s, and ρ = 1000 kg/m3 into Equation (16) gives

h∗f = 0.0009
(
V1

)0.847(
v∗1

)1.034
(P)−0.035(E)−0.012(D)−1.253(δ)−0.022(L)1.013 (17)

3.1.1. Validation of the Empirical Equation

In order to verify the accuracy of the calculated amplitudes of the pressure head loss by
the empirical Equation (17), validation experiments have been designed, and the parameters of
each experimental case of the validation experiments are different from the original experiments
(Section 2.1.2). The experiment equipment and the arrangement of the pressure transducers for the
validation experiments are the same as those in the original experiments (Section 2.1.1). The pipe used
in the experimental Case T1 is PE (polyethylene) drip tape. The pipe used in the experimental Case
T2 is ABS (acrylonitrile-butadiene-styrene) pipe. The pipe used in the experimental Case T3 is PVC
(polyvinyl chloride) pipe. The pipe used in the experimental Case T4 is PS (polystyrene) pipe. Finally,
the pipe used in the experimental Case T5 is PP (perspex) pipe. Table 6 shows the physical parameters
of the oscillating water flow and the pipe used the validation experiments.

Table 6. Physical parameters of oscillating water flow and pipe used in the validation experiments.

Case ¯
H1(m) h*

1(m)
¯

V1(m/s) v*
1(m/s) P(s) E(109N/m2) D(m) δ L(m)

T1 5.12 2.27 0.61 0.26 43 0.8 0.0246 0.0002 48
T2 13.9 9.11 1.87 0.80 59 1.7 0.0544 0.0043 48
T3 11.88 10.83 1.98 1.09 30 2.6 0.0678 0.0036 48
T4 23.20 11.51 2.15 0.98 92 5 0.046 0.002 48
T5 46.49 8.27 2.44 0.35 76 6 0.029 0.0015 48

Figure 7 shows the comparisons of the measured and calculated amplitudes of the pressure
head loss along the pipe for Cases T1, T2, T3, T4, and T5. It can be seen that the amplitude of the
pressure head loss increases with increasing length of pipe. The amplitude of the pressure head
loss of the oscillating water flow is caused by two types of energy loss. On the one hand, when the
oscillating water flows along the pipe, there is energy loss caused by the work done by the water
flow to overcome the frictional resistance of the pipe. On the other hand, the instantaneous pressure
head of the oscillating water flow is changing constantly, which leads to the energy loss caused by
the intense mixing and collision of particles in water. From Figure 7, it can be seen that the function
type of the optimal fits to the measured amplitudes of Cases T1, T2, T3, T4, and T5 are not the same.
The function type of the optimal fit to the measured amplitudes of Case T1 is power. The function type
of the optimal fits to the measured amplitudes of Cases T2 and T5 is polynomial. The function type of
the optimal fit to the measured amplitudes of Case T3 is logarithmic. The function type of the optimal
fit to the measured amplitudes of Case T4 is exponential. However, the function type of the optimal fit
to the calculated amplitudes by Equation (17) for Cases T1, T2, T3, T4, and T5 is linear. It can be seen
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that the calculated amplitudes by the empirical equation developed in this study (17) approximates the
measured amplitudes in the form of a linear function.Water 2020, 12, x FOR PEER REVIEW 12 of 17 
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Using the empirical equation for the amplitude of the pressure head loss (Equation (17)), Table 7
shows the relative errors between the measured and the calculated amplitudes of the pressure head
loss for Cases T1, T2, T3, T4, and T5.

Table 7. The measured and calculated amplitudes of the pressure head loss along the pipe for Cases T1,
T2, T3, T4, and T5.

Case Item
Location Along Pipe (m)

8 16 24 32 40 48

T1
Calculated amplitude (m) 0.13 0.27 0.41 0.54 0.68 0.82
Measured amplitude (m) 0.12 0.29 0.46 0.5 0.81 0.88

Relative error (%) 8.33 6.90 10.87 8.00 16.05 6.82

T2
Calculated amplitude (m) 0.37 0.75 1.13 1.52 1.9 2.29
Measured amplitude (m) 0.41 0.7 0.98 1.38 1.89 2.71

Relative error (%) 9.76 7.14 15.31 10.14 0.53 15.50

T3
Calculated amplitude (m) 0.42 0.85 1.28 1.71 2.14 2.57
Measured amplitude (m) 0.38 1.01 1.46 1.85 1.93 2.3

Relative error (%) 10.53 15.84 12.33 7.57 10.88 11.74

T4
Calculated amplitude (m) 0.63 1.27 1.92 2.57 3.22 3.87
Measured amplitude (m) 0.74 1.16 1.66 2.33 3.12 4.51

Relative error (%) 14.86 9.48 15.66 10.30 3.21 14.19

T5
Calculated amplitude (m) 0.43 0.87 1.31 1.76 2.21 2.65
Measured amplitude (m) 0.39 1.01 1.56 1.95 2.43 2.36

Relative error (%) 10.26 13.86 16.03 9.74 9.05 12.29

As shown in Table 7, the average relative error (Equation (14)) between the measured and the
calculated amplitudes of the pressure head loss by the empirical equation is 10.77%. These results show
that the relative error of the calculated amplitude of the pressure head loss by the empirical equation is
small, and the calculated and measured amplitudes of the pressure head loss are close to each other.
This is an indication that the amplitude of the pressure head loss calculated by the empirical equation
is accurate.

3.1.2. Sensitivity Analysis of Empirical Equation

According to Equation (17), the amplitude of the pressure head loss between Cross-section 1-1
and Cross-section 2-2 along the pipe, hf

∗, can be calculated using the seven parameters. Therefore,
the sensitivity analyses of Equation (17) have been carried out by changing these seven parameters.
The average measured value of each parameter in all the experiments (i.e., the experiments described
in Sections 2.1.2 and 3.1.1) is defined as the initial value of the parameter. The initial value of each
parameter is then changed by a fixed increment of ±10% up to ±50%. Table 8 shows the initial value of
each parameter and the value range after the initial value of each parameter is changed.

Table 8. Initial value of each parameter and the value range of each parameter.

Parameter Initial Value Value Range of Each Parameter

Average velocity at Cross-section 1-1 (V1) 3.24 1.62–4.86
Amplitude of velocity at Cross-section 1-1 (v∗1) 0.62 0.31–0.93

Period of oscillating water flow (P) 60.32 30.16–90.48
Modulus of elasticity of the pipe material (E) 3.18 1.59–4.77

Internal pipe diameter (D) 0.056 0.0280–0.0840
Thickness of the pipe wall (δ) 0.0026 0.0013–0.0038

Length of pipe between Cross-section 1-1 and
Cross-section 2-2 (L) 28.46 14.23–42.69
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Table 9 gives the sensitivity classification according to the value of the sensitivity coefficient,
as follows [49,50]:

Table 9. Sensitivity classification.

Value of |S| |S| ≥1 0.2 ≤ |S| < 1 0.05 ≤ |S| < 0.2 0 ≤ |S| < 0.05

Sensitivity classification highly sensitive sensitive medium sensitive insensitive

Table 10 shows the sensitivity classification of the seven parameters in Equation (17). It can be
seen that the amplitude of velocity, the internal pipe diameter, and the length of pipe are classified
as highly sensitive. The average velocity, the period of oscillating water flow, and the modulus of
elasticity of the pipe material are classified as sensitive. The thickness of the pipe wall is classified as
medium sensitive.

Table 10. Sensitivity classification of the seven parameters in Equation (17).

Parameter Sensitivity Coefficient Sensitivity Classification

Average velocity at Cross-section 1-1 (V1) 0.85 sensitive
Amplitude of velocity at Cross-section 1-1 (v∗1) 1.03 highly sensitive

Period of oscillating water flow (P) −0.37 sensitive
Modulus of elasticity of the pipe material (E) −0.22 sensitive

Internal pipe diameter (D) −1.55 highly sensitive
Thickness of the pipe wall (δ) −0.13 medium sensitive

Length of pipe between Cross-section 1-1 and Cross-section 2-2 (L) 1.01 highly sensitive

3.2. Discussion

In this study, an empirical equation for the amplitude of the pressure head loss of oscillating water
flow in different types of pipes has been developed. In order to verify the accuracy of the calculated
results from the empirical equation, five cases (i.e., Cases T1, T2, T3, T4, and T5) have been tested.
The results show that the empirical equation can be used to calculate the amplitude of the pressure
head loss of oscillating water flow in different types of pipes accurately. For the empirical equation
developed in this study, the sensitivity of the model parameters has been analyzed. Further, for all
the experiments carried out in this study, as the water flowed in the pipe, there was no loss of water.
However, due to the need of the actual irrigation on-site, multiple outlet pipes have sometimes been
used, and as the water flowed in the pipe, there was loss of water. Under the condition of constant
water flow, the Christiansen’s factor is widely used in the calculation of pressure head loss of multiple
outlet pipes. After a long time of development, some studies have adjusted the calculation equation
of the Christiansen’s factor and developed some improved methods [51–53]. These methods can
also be used to calculate the average pressure head loss of oscillating water flow with high accuracy.
But these methods cannot calculate the amplitude of the pressure head loss of oscillating water flow
of multiple outlet pipes accurately. Therefore, further research should be carried out to adjust the
calculation equation of Christiansen’s factor, so that it can calculate the amplitude of the pressure head
loss of oscillating water flow of multiple outlet pipes accurately. It is of great significance for both the
application and operation of oscillating water flow in irrigation engineering.

4. Conclusions

In this study, an empirical equation for the amplitude of the pressure head loss of the oscillating
water flow in different types of pipe has been developed. Further, the accuracy of the empirical
equation has been verified by the validation experiments and the sensitivity of each parameter in the
empirical equation has been analyzed. The main conclusions are as follows:

The average relative error between the measured and the calculated amplitudes of the pressure
head loss by the empirical equation is 10.77%. Since the relative errors are small, it is an indication that
the amplitudes of the pressure head loss calculated by the empirical equation are accurate.



Water 2020, 12, 2421 14 of 16

The amplitude of velocity, the internal pipe diameter, and the length of pipe are classified as highly
sensitive. The average velocity, the period of oscillating water flow, and the modulus of elasticity of the
pipe material are classified as sensitive. The thickness of the pipe wall is classified as medium sensitive.

The empirical equation developed in this study can be used to calculate the amplitude of the
pressure head loss of oscillating water flow in different types of pipes. It improves the computing
efficiency significantly and provides a theoretical basis for the application of oscillating water flow in
irrigation engineering and the optimal design of irrigation pipe networks.
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