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Abstract: The geometric structure of corrugated plastic pipes affects performance in agricultural
subsurface drainage systems. To explore the influence of pipe geometry on flow field characteristics
and the characterization of water movements, we developed a three-dimensional (3D) steady-state
subsurface drainage model based on computational fluid dynamics (CFD). An analysis of the CFD
and sand tank results indicated that the proposed model can accurately simulate the subsurface
drainage process (R2 = 0.99). The corrugation structure parameters of the drainpipe, including the
outside diameter, corrugation valley width and corrugation height, were taken as the objects for this
study, and the influence of corrugation parameters on drainage discharge was orthogonally analysed.
During drainage, the soil water initially collects in the corrugation valley and then approximately
ninety percent of the water flows into the pipe through the bottom perforations; increasing the contact
face area between the corrugation valley and soil can increase the flow rate of the drainpipe and the
water table height above the pipe, which decreases the intersection position of the pipe and water
table. The results of the analysis of the range and variance of the orthogonal experiment showed that
the order of the primary and secondary factors influencing the drainage discharge was the outside
diameter, corrugation valley width and corrugation height, with the outside diameter being most
critical influencing factor.

Keywords: subsurface drainage; corrugated plastic pipe; computational fluid dynamics; hydraulic
characteristic; flow rate

1. Introduction

Corrugated plastic pipes are usually made of polyvinyl chloride (PVC), high-polyethylene
(HDPE) or polyethylene (PE), which have the characteristics of stable chemical properties,
light weight, low temperature resistance and excellent mechanical properties, and the raw
materials and corrugated profile wall of the pipes not only make them flexible, but also
make the ring stiffness of the corrugated pipes better than that of straight-walled pipes with
the same quantity of raw materials [1]. Corrugated plastic pipes were introduced to agri-
cultural subsurface drainage in the early 1960s. With the rapid technological improvements
and development of pipe materials and the installation of agricultural subsurface drainage
systems, traditional subsurface drainage materials such as clay and concrete drainpipes
have been gradually replaced by corrugated plastic pipes. This is because of the many
advantages of corrugated plastic pipes, such as higher mechanical strength, easy storage
and transport and easy installation. Corrugated plastic pipes have become the preferred
standards for subsurface drainage pipes and have been widespread since the 1980s [2,3].

There are two types of corrugated plastic pipe mainly used in subsurface drainage
systems on the market, i.e., single-wall corrugated pipe and double-wall corrugated pipe,
and the corrugated profile includes sinusoidal corrugations, spiral corrugations and parallel

Agriculture 2022, 12, 2174. https://doi.org/10.3390/agriculture12122174 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12122174
https://doi.org/10.3390/agriculture12122174
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-3131-1835
https://doi.org/10.3390/agriculture12122174
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12122174?type=check_update&version=1


Agriculture 2022, 12, 2174 2 of 19

corrugations. Currently, the most commonly used corrugated pipe in agricultural subsur-
face drainage is the parallel single-wall corrugated pipe, which has the special structure of
a periodically distributed corrugated pipe wall. The valley of the corrugated pipe is located
in the middle of the two corrugations, and there are perforations at the bottom of the valley
in each corrugation. This structural distribution allows excess water remaining in soils to
drain through the pipe [4]. As an important component of subsurface drainage, pipes are
designed for collecting and transporting water in the soil; the pipe diameter, perforation
shape and pattern and corrugation geometries are important geometric structural design
parameters that influence the drainage performance and the mechanical properties of
the drainpipe [5,6]. However, unreasonable geometric structural design for corrugated
pipes can lead to the drainage efficiency of subsurface drainage systems failing to achieve
design criteria for the control of waterlogging damage, farmland drainage or preventing
saline–alkaline soil. It can even cause clogging pipes, which consequently decrease service
life and increase maintenance costs [7]. Meanwhile, mechanical properties exceeding the
design criteria are not conducive to large-scale popularization and promotion because of
the increased costs during production, transportation and installation.

To define the exact relationship between agricultural subsurface drainage performance
and pipe geometry structural parameters, many researchers have performed several studies
in this field. Currently, field experiments, sand tank experiments, electrolytic analog
studies and analytical studies are the major means of research. Li and Wu [8] conducted
a field orthogonal experiment over two consecutive years to investigate the influence of
three factors, namely, corrugated plastic pipe material, perforation pattern and envelope
materials, on drainage performance and soil salinity drenching. The experimental results
showed that a combination of a 3% perforation area and a single layer of nonwoven fabric
envelope material had a better drainage effect. For steady-state flow, the water flow toward
a subsurface drainage pipe is subject to vertical, horizontal, radial and entrance resistance,
as proposed by Ernst [9]. However, entrance resistance, resistance of the disturbed soil and
radial resistance are theoretical concepts and cannot be physically separated or separately
measured in the field. Cavelaars [10] introduced the concepts of ‘approach flow resistance’
and ‘approach flow head loss’ for the flow in the approach region. According to Childs and
Youngs [11], a real drain can be replaced by an ideal drain with a small radius, referred to
as the ‘equivalent or effective drain radius’. The effective radius depends on the entrance
resistance and can be used as an alternative to the entrance resistance. Dierickx [12]
and Smedema and Rycroft [13] designed and conducted electrolytic analog and sand
tank experiments individually, and the results all indicate that the ‘effective diameter’
of the clay pipe and concrete pipe is smaller than that of the corrugated plastic pipe.
Stuyt and Dierickx [6] deemed that the ‘approach flow resistance’ was impacted by the
geometry of the corrugation, and sinusoidal wave pattern corrugation was better than buck
corrugation since it improved the flow condition. Oyarce and Gurovich [5] investigated
the effects of the pipe perforation percentage, pipe diameter and envelop material on the
drainage performance, ‘approach flow resistance’ and ‘effective diameter’ by sand tank
experiments. The results showed that a combination of smaller pipe diameter, higher
perforation percentage and envelope could increase the drainage performance. Bahceci
and Nacar [14] proposed a new drain envelope concept that was developed to overcome
the problems of clogging, sedimentation and root growth inside subsurface drainpipes,
and then Alavi and Naseri [7] evaluated the drainage performance of this concept in saline–
sodic soil in a soil tank model. Gaj and Madramootoo [15] used a numerical model to
simulate the effects of perforation shape, size, and configuration on the entrance resistance
and concluded that the use of rectangular slots is hydraulically more advantageous than
circular holes in the valleys of corrugated pipes.

However, due to the limits of experimental conditions, field experiments and sand tank
experiments are usually expensive, time consuming and labor intensive, and often, only a
small number of samples can be gathered for qualitative studies of the geometry of pipes.
Therefore, quantification research has not been satisfactorily carried out. Additionally,
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flow field characteristics cannot be easily measured and observed during field and sand
tank experiments. In addition, many experimental factors have an impact on the research,
including time, perforation, diameter, and filter material, presenting technical challenges for
accurate measurements of the ‘effective diameter’ [16]. Although electrolytic analog studies
have greatly increased the knowledge of subsurface drainage materials, the experimental
setup and electrolytes used in the experiment do not match the complexity of real-world
subsurface drainage situations [6].

Obtaining accurate and reasonable hydraulic characteristic data about a flow field
is restricted by the experimental conditions and means of monitoring. Under the same
experimental conditions, it is important to identify the influence of the geometric structure
parameters of the pipe on drainage performance. However, the experimental conditions
may be different between the two controlled trials, particularly under field conditions.
Owing to the complexity of the manufacturing process of corrugated plastic pipes, it
is difficult to fabricate different pipe structures and carry out subsurface drainage sand
tank experiments.

To compensate for this deficiency, many scholars have begun to use numerical simu-
lations to analyze subsurface drainage. There are many models for studying subsurface
drainage; the most commonly used are HYDRUS [17], DRAINMOD [18] and SWAP [19,20].
The models have been widely used to simulate the dynamic processes of water and solute
transport and to calculate the water table, drainage density and total volume of drainage
with better performance [21–23]. These simulation models usually represent a pipe as an
‘ideal drain’ based on a continuously permeable wall that improves the description of the
characterization of the flow field in drainage [24,25]. However, actual drainpipes are only
permeable through the perforations on their walls, and water can only enter a real drain
through a finite number of perforations. Additionally, DRAINMOD and SWAP are one-
dimensional models but HYDRUS can simulate two-dimensional and three-dimensional
water flow situation scenarios. However, the structural features of corrugation pipes can-
not be fully considered when the seepage boundary is applied for subsurface pipes in
HYDRUS-2D, which means that water immediately discharges when the surrounding soil
is saturated [26]. The actual water flow in the approach region of the drainpipe cannot be
described by only considering the seepage boundary.

Studying the influence of the pipe structural parameters on drainage performance
requires an accurate structural description of the corrugated pipe and the water transport
characteristics in the approach region of the drainpipe. CFD is a well-proven and economi-
cally feasible numerical method commonly used for predicting and simulating complex
fluid flow and is widely used in fluid mechanical engineering, aerospace engineering and
biological and medicinal applications [27]. CFD is a very important technology that can
not only compensate for the limitations of field experiments, but also obtain numerous
quantitative and qualitative data to solve complex flow problems. Lee and Bitog [28]
reviewed the past, current and future directions of CFD in the agriculture sector, and the
accuracy of the technique has been fully validated over a long history of development and
applications. Afrin and Khan [29] developed an experimentally validated 3D model for
the stage–discharge relationship of a perforated pipe aggregate system and analyzed the
hydraulic performance under saturated and unsaturated flow conditions. Fu and Yang [30]
established a mathematical model to detect and evaluate a single leakage in a fluid pipeline
based on experimental study and 3D CFD simulation.

In the present study, to probe the hydraulic properties of the flow field during drainage,
especially in the region close to the drainpipe, and to assess the pipe geometric structure’s
impact on water movement characteristics, we constructed a 3D subsurface drainage model
based on CFD. In this experiment, CFD models can compensate for the limitations and
disadvantages of field experiments and obtain qualitative and quantitative flow field data.
We validated the model by comparing it with sand tank subsurface drainage experimental
data and revealed the hydraulic performance of closed pipes based on the CFD model.
Then, through an orthogonal experiment (L9(34)), water seepage features near the pipe
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influenced by geometric structures were investigated. We used the experiment to evaluate
the performance of drainpipes for drainage and to obtain the major influencing factors
of the geometrical structure parameters that affect drainage efficiency. With this study,
we have attempted to provide some usability recommendations for the optimization of
corrugated plastic pipe geometric structure design for subsurface pipe drainage systems.

2. Materials and Methods

This study was carried out at The State Key Laboratory of Water Resources and
Hydropower Engineering Science, Wuhan University. A subsurface drainage experiment
was performed using a sand tank, and the experimental data were used to establish the
geometric structure parameters of the CFD model, calibrate the parameters and verify the
model. Since the process of field subsurface pipe drainage is usually unsteady, to better
contrast the drainage performance of drainpipes, simplify the experiment and to analyze
the results, in this study, subsurface pipe drainage was analyzed through steady-state
drainage experiments. The constant water head method was adopted, and the water head
height of the inlet was constant.

A steady-state 3D subsurface drainage model based on CFD was established in the
present study, in which porous media were used to simulate soil resistance and the volume
of fluid (VOF) method was used to simulate multiphase flows. Through the postprocessing
visualization and analysis of the simulation results, the hydraulic characteristics of the
subsurface drainage flow field were determined using CFD software. Figure 1 shows the
procedure for the sand tank experiment and model simulation, including experimental
arrangement, data collection, model calibration and validation and results analysis.
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Figure 1. Technological road map of this study.

2.1. Sand Tank Drainage Experiment
2.1.1. Experimental Design

The experimental unit consisted mainly of a sand tank, an overflow tank, a plastic
corrugated pipe and piezometer tubes. The sand tank, made of plexiglass and angle steel,
had a cuboid shape (1.2 × 0.3 × 1.025 m3) and was connected to the overflow tank by
three plastic catheters. The overflow tank was height-adjustable and provided a fixed
water head pressure to the bottom of the sand tank. A 2.5 cm thick permeable plate was
placed at the bottom of the sand tank, and a nonwoven fabric was laid on the upper part
of the permeable plate to prevent the loss of soil in the sand tank. Piezometric tubes were
arranged on the front of the sand tank to monitor the water head pressure at each position.
The piezometric tubes near the drainage pipes were arranged in a double-cross shape, and
the other piezometric tube distances in the transverse and longitudinal directions were
20 mm and 10 cm, respectively. A 9 cm diameter circular hole was opened in the middle
of the plexiglass plate on the front of the sand tank. The distances between the center of
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the circular hole and the left, right and bottom of the sand trough were 60 cm, 60 cm and
42.5 cm, respectively. The corrugated pipe was installed here, and the buried depth was
50 cm. The arrangement of the sand tank and overflow tank and dimensions are shown in
Figure 2.
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Figure 2. Schematic representation of the sand tank experiment.

The sand tank was filled with a medium coarse sand with soil particle sizes in the
range of 0.25–1.00 mm and a mean bulk density of 1.6693 g/cm3. The soil particle size
distribution is shown in Figure 3. Its soil saturated water content was 46.18%. The soil was
loaded from the bottom of the sand tank until 9 layers were achieved, the thickness of each
layer was 10 cm and the interface of each layer was rough.
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The single-walled plastic pipes used in the research experiment were produced by
Xinjiang Tianye (Group) Co. The perforation was placed in the valleys of the corrugation.
The perforation was rectangular and three columns were arranged parallel with a spacing
of 120-degree angles between columns. When fitting pipes, one column was positioned
at the bottom of the pipe facing downward, and the other two were positioned at the
shoulder section. The geometry and dimensions of the pipes are illustrated in Figure 4
and Table 1. One layer of geotextile covers the external surface of the corrugated pipes
to prevent soil particles from entering the pipes. The outlet of the corrugated pipe was
connected to a length of outflow tubing and the other end of the pipe was sealed tightly
with rubber stoppers.
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Table 1. Corrugated pipe and perforation design used in the sand tank experiments.

Geometric Structural Parameters Value

Outside diameter (mm) 90
Inside diameter (mm) 82
Wall thickness (mm) 1
Ridge width (mm) 5.35

Corrugation valley width (mm) 4
Corrugation height (mm) 4
Perforation length (mm) 26.67
Perforation width (mm) 0.6

Number of perforation rows 3

Perforation rate (%) 1.99
Total area of perforation per meter (cm2·m−1) 51

2.1.2. Experimental Measurement

After setting up the experimental device, the height of the overflow tank was adjusted
and water was slowly supplied to the bottom of the sand tank until the water surface was
flush with the surface of the soil on the top of the sand tank. The sand tank was left at rest
for 24 h. Then, the air in the soil pores was vented. Then, the outlet of the pipes was slowly
opened to allow the water to steadily flow. Subsequently, the height of the overflow tank
was adjusted to the desired height. When the volume flow rate of the drainpipe stabilized,
data collection was initiated. During these processes, the experimental water was supplied
into the sand tank from the overflow tank driven by gravity and then drained from the soil
via the drainpipe located in the middle of the sand tank.
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2.2. Numerical Model
2.2.1. Numerical Modeling and Boundary Conditions

We performed subsurface drainage analysis with ANSYS Workbench and ANSYS
Fluent software. To set up the CFD models, the computational domain was determined
first. The finite volume method was applied to discretize the computational domain into
computation cells. Then, the type of calculation model was selected, the fluid material was
selected, various boundary conditions were set and the calculation was carried out.

2.2.2. Governing Equations

The flow simulation was based on solving the Navier–Stokes equations (momentum
and mass conservation) for an incompressible fluid as follows [31].

Mass conservation equation:

∂

∂t
(ρ) +∇ ·

(
ρ
→
v
)
= 0; (1)

Momentum equation:

∂

∂t

(
ρ
→
v
)
+∇ ·

(
ρ
→
v
→
v
)
= −∇p +∇ ·

[
µ

(
∇→v +∇→v

T
)]

+ ρ
→
g +

→
F (2)

where
ρ = the density of fluid;
ui = components of the velocity vector;
µ = the fluid dynamic viscosity.

ρ =
2

∑
i=1

αiρi (3)

µ =
2

∑
i=1

αiµi (4)

The VOF model, which is a Euler–Euler approach, was applied to address multiple
phases: gas and water. The sum of volume fractions in all phases should equal one.
The interface between the two phases in the VOF model was tracked by solving for the
continuity of the volume fraction equation [32]:

∂αw

∂t
+
→
v · ∇αw = 0 (5)

where αw is the volume fraction of water.

2.2.3. Computational Domain and Boundary Conditions

The modelled geometry consisted of three zones: the corrugated pipe, the soil and
the air zone in the pipe. The size of the computational domain of the subsurface drainage
model was kept the same as that of the sand tank. For the CFD models, a pressure inlet,
two pressure outlets, a symmetry boundary and the rest of the boundaries were set to a
no-slip wall, including the corrugated pipe wall. The boundary conditions are presented in
Figure 5.



Agriculture 2022, 12, 2174 8 of 19

Agriculture 2022, 12, x FOR PEER REVIEW 8 of 19 
 

 

two pressure outlets, a symmetry boundary and the rest of the boundaries were set to a 

no-slip wall, including the corrugated pipe wall. The boundary conditions are presented 

in Figure 5. 

 

Figure 5. Schematic of the model and boundary conditions. 

To conduct the CFD simulation, the permeability of the soil and envelop material in 

the sand tank experiment were initially estimated through a porous media model. The 

porous media model only adds a momentum sink to the governing momentum equations, 

generating pressure gradients in the porous media. The momentum sink term in the 

model for simple homogeneous porous media can be described as [33,34]: 

𝐹𝑖 =
𝑣

𝛼
𝑢𝑖 +

1

2
𝐶2𝜌|𝑢|𝑢𝑗 (6) 

where 𝐹 is the momentum source and 𝛼 and 𝐶2 are the permeability and inertial re-

sistance, respectively. In our study, the inertial resistance of the soil and envelope could 

be treated as zero because water flowed slowly within the entire soil and envelope. 

2.2.4. Grid Independent Test 

The computational domains must be divided into cells, a process called discretization 

of the domain. Since grid density affects computational accuracy, the influence of the grid 

density on the CFD model was analysed. The mesh was chosen to be sufficiently fine to 

allow numerical convergence of the results. With an increasing number of mesh elements, 

the precision of the computational results is improved, while the complexity of the com-

putation process also increases accordingly. 

A mesh sensitivity analysis was performed to determine the minimum number of 

elements that could ensure grid-independent results. A polyhedral mesh and a prism 

layer mesh were selected for the analysis model, and with a maximum element size of 20 

mm, the minimum element size increases gradually from 0.8 mm to 1.0 mm to 1.2 mm. 

More specifically, three different numbers of grids (1.3 million, 1.68 million and 2.4 million 

grid units) were used under the same simulation conditions for the calculation. An exam-

ple of the mesh grids is shown in Figure 6. 

Figure 5. Schematic of the model and boundary conditions.

To conduct the CFD simulation, the permeability of the soil and envelop material in
the sand tank experiment were initially estimated through a porous media model. The
porous media model only adds a momentum sink to the governing momentum equations,
generating pressure gradients in the porous media. The momentum sink term in the model
for simple homogeneous porous media can be described as [33,34]:

Fi =
v
α

ui +
1
2

C2ρ|u|uj (6)

where F is the momentum source and α and C2 are the permeability and inertial resistance,
respectively. In our study, the inertial resistance of the soil and envelope could be treated
as zero because water flowed slowly within the entire soil and envelope.

2.2.4. Grid Independent Test

The computational domains must be divided into cells, a process called discretization
of the domain. Since grid density affects computational accuracy, the influence of the
grid density on the CFD model was analysed. The mesh was chosen to be sufficiently
fine to allow numerical convergence of the results. With an increasing number of mesh
elements, the precision of the computational results is improved, while the complexity of
the computation process also increases accordingly.

A mesh sensitivity analysis was performed to determine the minimum number of
elements that could ensure grid-independent results. A polyhedral mesh and a prism layer
mesh were selected for the analysis model, and with a maximum element size of 20 mm,
the minimum element size increases gradually from 0.8 mm to 1.0 mm to 1.2 mm. More
specifically, three different numbers of grids (1.3 million, 1.68 million and 2.4 million grid
units) were used under the same simulation conditions for the calculation. An example of
the mesh grids is shown in Figure 6.

The model was solved under the working condition that the constant water head
of the inlet was 90 cm. Simulations were run until a steady state was reached. We set
five monitoring points in which the horizontal distances from the center of the pipe were
55 mm, 95 mm, 125 mm, 200 mm and 400 mm and compared the results of the pressure
head with three different numbers of grids. Figure 7 shows the result of the mesh sensitivity
analysis conducted for the treatment with a 90 cm inlet water head pressure.
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The grid independence evaluation revealed that there was little difference (<1%) in
the calculation results with an increasing number of grids beyond a grid size of 8.70 million
elements. The optimum number of cells was found to be 2,739,431, with a minimum
element size of 0.8 mm and a maximum element size of 20 mm.

2.2.5. Model Validation and Evaluation

To validate the accuracy of the subsurface drainage CFD model, three working condi-
tions of sand tank experiments were conducted. In addition to contrasting the simulation
and experimental data, we evaluated the goodness-of-fit between simulated and experi-
mental data and the performance of the models using common accuracy evaluation metrics,
namely, the relative root mean square error (RRMSE), Nash–Sutcliffe efficiency coefficient
(NSE) and the mean absolute error (MAE). The coefficient of determination (R2) is defined
as follows:

MAE =
1
n

n

∑
i=1
| fi − yi| (7)

RRME =

√√√√√ ∑n
i=1( fi − yi)

2

n×
(

1
n ∑n

i=1 fi

)2 (8)

NSE = 1−
∑n

j−1( fi − yi)
2

∑n
i=1( fi − y)2 (9)
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R2 =

(
∑n

i=1(yi − y)
(

fi − f
))2

∑n
i=1(yi − y)2 ∑n

i−1

(
fi − f

)2 (10)

where fi is the simulated value, yi is the observed value, y is the averaged observed value
and n is the sample size. An MAE value close to 0, an RRMSE value close to 0% and an
NSE value close to 1.0 show model accuracy.

The outlet volume water flow rate measured by the sand tank experiment was com-
pared with the CFD model simulation result to validate the effectiveness of the CFD model.
The results show that the volume water flow rate of the outlet deviation between the
experiment and the simulation was smaller than 6%, as shown in Table 2. The MAE was
1.58 mL/s, the RRMSE was 4.5%,the NSE was 0.962, and the R2 was 0.99. The deviations
between the CFD model and the experiment may be caused by the random response of
factors such as soil density inhomogeneities in the sand tank, soil capillary action, accuracy
of device installation and other factors. Overall, the CFD model can satisfactorily describe
the hydraulic performance of the sank tank subsurface drainage experiment.

Table 2. Comparison between the numerical and experimental outlet volume water flow rates.

Inlet Water Head
(cm)

Outlet Volume Water
Flow Rates (mL/s)

(Experimental)

Outlet Volume Water
Flow Rates (mL/s)

(Numerical)
Deviation (%)

70 30.98 29.90 −3.49
80 40.35 41.02 1.66
90 50.33 53.32 5.94

2.3. Orthogonal Test Design

The orthogonal experimental design method is a highly efficient, fast and economical
experimental design method for evaluating the effects of various factors on drainage perfor-
mance. To optimize the drainage performance of the corrugated pipe, several geometrical
structural parameters were considered, including the outside diameter, corrugation height
and corrugation valley width. An orthogonal L9(34) experiment with three factors and
four levels was designed to determine the optimal pipe geometry structure parameters for
drainage. The corrugation pitch for all treatments was 9.35 mm. The factors and levels are
shown in Table 3. The orthogonal test design is shown in Table 4 and the corrugated pipe
numerical models are shown in Figure 8.

Table 3. Factors and levels.

Level

Factor A:
Outside

Diameter
(mm)

Factor B:
Corrugation

Height
(mm)

Factor C:
Corrugation
Valley Width

(mm)

Blank

Level 1 60 2 2 1
Level 2 90 4 4 2
Level 3 120 6 6 3
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Table 4. Orthogonal test design table (L9(34)).

Treatments
Factors Experiment

SchemeFactor A Factor B Factor C Blank

T1 Level 1 Level 1 Level 1 Level 1 A1B1C1
T2 Level 1 Level 2 Level 2 Level 2 A1B2C2
T3 Level 1 Level 3 Level 3 Level 3 A1B3C3
T4 Level 2 Level 1 Level 3 Level 2 A2B1C3
T5 Level 2 Level 2 Level 1 Level 3 A2B2C1
T6 Level 2 Level 3 Level 2 Level 1 A2B3C2
T7 Level 3 Level 1 Level 2 Level 3 A3B1C2
T8 Level 3 Level 2 Level 3 Level 1 A3B2C3
T9 Level 3 Level 3 Level 1 Level 2 A3B3C1
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3. Results
3.1. Hydraulic Properties of the Subsurface Drainage Flow Field

The inlet gauge pressure head at 90 cm, the outlet gauge pressure at zero and no-slip
boundary conditions for all boundaries except inlet and outlet were set as initial conditions
for the calculation. The results of CFD model analysis were visualized so that the hydraulic
information in the flow field could be evaluated. The soil water content and water head
distributions of the flow field were analysed. The results are presented via cloud charts.
The soil water content distribution map and water head distribution map are shown in
Figure 9a,b, respectively. Figure 9a shows the distribution of the saturated water table and
the intersection position of the pipe and water table. Figure 9b shows the maximal water
head at the bottom, which is the pressure inlet. The water head reduction near the pipe
was significantly larger than that in the other flow fields.
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We modeled three different pipe outside diameters and analyzed the soil water content,
as illustrated separately in Figure 10. It can be seen from the figure that for three kinds of
pipe outside diameters of 60 cm, 90 cm and 120 cm, the soil water content was substantially
different, particularly the location of the water table heights and the intersection position
of the pipe and water table. The larger the outside diameter is, the lower the water table
and the intersection position. Due to the pressure in the subsurface drainage pipe and the
insufficient section size of the drainpipe, a pressure head will be formed above the pipe,
which we commonly refer to as the hanging curtain section.
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3.2. The Effect of the Geometric Parameters of the Corrugated Pipe on the Flow Field around
the Pipe

Generally, the water supply conditions of field drainpipes include surface water
infiltration supplies such as ponding water or rainfall or irrigation and lateral water supplies
such as rivers. To simulate the real water supply situation and to further investigate the
impact of perforation location on hydraulic characteristics during subsurface drainage,
two other CFD models of subsurface drainage were established to simulate surface water
infiltration supply and lateral water supply.

Streamline plots, that is, lines of flow that are tangential to the flow vectors at each
point, were computed from a static global flow field obtained by estimating the mean flow
direction at each point in space. We plotted the streamlines during the drainage research at
a steady state, and we also calculated the flow rate of the pipe outlet and all the perforations
at the shoulder section. Under all three kinds of water supply conditions, the streamline
characteristics and the perforation flow rate ratio are shown in Figure 11 and Table 5. As
seen from the figure, a small volume of water flows into the drainpipe through two pieces
of perforation at the shoulder of the pipe and most of the water flows into the drainpipe
through the perforation at the bottom of the pipe. Finally, the water was pooled at the
bottom of the pipe and ultimately flowed out.
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Table 5. Outer volume water flow rates of three kinds of water supply conditions.

Treatments
The Outer Volume
Water Flow Rate

(mL/s)

The Shoulder
Perforation Volume

Water Rate
(mL/s)

The Volume Water
Flow Ratio of the

Shoulder Perforation
to the Pipe Outlet

(%)

Bottom water supply 53.36 4.14 7.75
Surface water supply 65.24 7.87 12.07
Lateral water supply 67.96 4.52 6.65

As seen from the distributions of the velocity vector of the volume fraction of water
located in the corrugation valley plotted in Figure 12, the water flows from top to bottom
along the wall of the corrugation valley of the pipe, and the volume fraction of water
gradually increases from top to bottom.
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3.3. The Effect of the Geometric Structure of the Corrugated Pipe on the Drainage Rate
3.3.1. The Effect of the Corrugation Structure of the Corrugated Pipe on the Drainage Rate

To evaluate the relationship between the corrugation geometric structure and drainage
rate more accurately, we designed an orthogonal test with factors including the outside
diameter, corrugation height and corrugation valley width. The L9(34) orthogonal test
adopted range analysis and variance analysis (ANOVA) of the orthogonal test to determine
the interaction between the basic factors and minor factors.

The range analysis of the volume flow rate of the drainpipe is shown in Table 6. The
range analysis of orthogonal experiments showed that the sequence of the factors affecting
the drainage was as follows: outside diameter, corrugation valley width and corrugation
height. The trend analysis was drawn with the factors and levels of the orthogonal test
as horizontal coordinates and the mean value of the indicator as the ordinate, as shown
in Figure 13. The calculation indicated that when the trial protocol was set to A3B2C3,
in which the outside diameter was 120 mm, the corrugation height was 4 mm and the
corrugation valley width was 6 mm, the maximal drainage flow was 55.57 mL/s, as shown
in treatment 8 in Table 6.
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Table 6. Range analysis of the volume flow rate of the drainpipe.

Treatments

Factors
Outer Volume

Flow Rate
(mL/s)

Factor A:
Outside Diameter

(mm)

Factor B:
Corrugation
Height (mm)

Factor C:
Corrugation Valley

Width (mm)
Blank

T1 60 2 2 1 50.31
T2 60 4 4 2 50.62
T3 60 6 6 3 50.91
T4 90 2 6 2 53.39
T5 90 4 2 3 52.88
T6 90 6 4 1 53.43
T7 120 2 4 3 55.17
T8 120 4 6 1 55.57
T9 120 6 2 2 55.09
k1 50.61 52.96 52.76 53.10
k2 53.23 53.02 53.07 53.03
k3 55.28 53.14 53.29 52.99
R 4.67 0.19 0.53 0.11

Factor order A > C > B
Optimal level
combination A3B2C3
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The significant factors were determined from the experimental data by using ANOVA.
The results are presented in Table 7. The results indicated that outside diameter and
corrugation valley width have a significant impact on drainage, corrugation height has
small impacts and the outside diameter is the most critical influencing factor.

Table 7. ANOVA of the volume flow rate of the drainpipe.

Sources Sum of Squares of
Deviations

Degrees of
Freedom Mean Square F p-Value

Outside diameter 32.786 2 16.393 1584.729 0.001
Corrugation height 0.054 2 0.027 2.595 0.278

Corrugation valley width 0.426 2 0.213 20.592 0.046
Error 0.021 2 0.010

Combined errors 33.29

3.3.2. The Effect of Outside Diameter and Corrugation Height on Drainage Rate

Further analysis and quantification were performed using the CFD model. The outside
diameter was set to 60 mm, 90 mm, 110 mm, 130 mm and 160 mm. All the boundary condi-
tions and initial conditions remained unchanged. In all these treatments, the perforation
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area of the pipe was 51 cm2/m, and the distance between the inlet and the perforation at
the bottom of the drainpipe was 400 mm. This ensures that the CFD model was calculated
under identical conditions to guarantee identical pressure heads of the perforation at the
bottom from different tests. The results showed that, under the same perforation area, the
larger the outside diameter was, the larger the volume flow rate of the outlet. The results
are plotted in Figure 14.
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Similarly, for the same purpose, to analyze the corrugation height effects, the calcula-
tion was carried out under five different settings. The CFD models were established under
the same outside diameter, and these corrugation heights were set as follows: 16 mm, 8 mm,
4 mm, 2.5 mm, 2 mm, 1 mm and zero (smooth). The results showed that the volume flow
rate of the outlet of the corrugated pipe is 26% greater than that of the smooth pipe, but an
increased corrugation height does not result in a greater volume flow rate of the outlet. The
results are plotted in Figure 15.
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4. Discussion

Through the analysis of the hydraulic characteristics of the flow field by the steady-
state 3D subsurface drainage CFD model established in this study, we found that the
water table forms an elliptical shape and that flow to the drain is driven by the slope
(energy gradient) of the water table, which is consistent with Waller and Yitayew [35].
The flow lines are not always toward the drainpipe, as described in Ernst [9]. The flow
toward the drain can be described by vertical and horizontal flow toward the vicinity of
the drain and radial flow toward the drain and entry into the drain. In addition, from the
streamline and the velocity vector of water in the immediate vicinity of the pipe, during
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the drainage process, the water flows into the corrugation valley, converges at the bottom
of the corrugation valley and mainly enters the pipe through the bottom perforation, as
shown in Figures 11 and 12.

The existing theoretical calculation formulas that describe steady-state subsurface pipe
drainage flow, such as the Hooghoudt equation, are based on the following assumptions:
the drainpipes are half-full and the location where the water table and pipe intersect is
the outside edge of the central elevation of the pipe [35,36]. However, hanging curtain
drains are universally present during the processes of lowering groundwater tables in a
subsurface drainage system, and there is a certain difference between the water table in
the real drainage process of drainpipes and this assumption. Tao Yuan and Li Na [37]
analyzed the applicability of the theoretical formula of drainage flow under the influence
of soil texture and hanging curtain sections. This paper shows that different drainpipe
structures will also affect the shape of the hanging curtain section, as shown in Figure 10.
Cavelaars [10] indicated that the entrance resistance can be reduced through pipes with
larger diameters. This study shows that increasing the outside diameter and corrugation
valley width increases the contact face area between the corrugation valley and soil and
increases the drainage flow rate; therefore, the water table in the immediate vicinity of the
pipe decreases with soil water discharge.

Although the pipe outside diameter is positively correlated with the drainage perfor-
mance, the drainage flow rate does not increase significantly with the pipe outside diameter.
In addition, the manufacturing of larger diameter pipes requires more raw materials, which
will lead to an increase in cost, but a larger diameter will not bring a significant increase in
drainage performance. Therefore, the small diameter drainpipe has higher use efficiency
and relatively low manufacturing cost, which is also more conducive to the promotion of
farmland subsurface drainage technology.

5. Conclusions

In this paper, we propose a 3D steady-state subsurface drainage CFD model for subsur-
face drainage. The proposed model considers the geometric parameters of corrugated pipes
and the water supply direction. The model established is calibrated as follows: First, the pa-
rameters of the numerical model are calibrated through the sand tank subsurface drainage
experiment and the accuracy of the model is verified. Then, the hydraulic characteristics of
the flow field in the steady-state subsurface drainage process under different subsurface
geometries are described. Finally, based on the principle of orthogonal experimental design,
the sensitivity of the outside diameter, corrugation valley width and corrugation height of
the corrugated pipe to the drainage flow is analyzed. The main conclusions are as follows:

(1) A steady-state 3D subsurface drainage model can be established based on CFD
technology. The drainage flow rate and water head pressure distribution characteristics
calculated by the model are well-fitted to the sand tank subsurface drainage experiment
data (R2 = 0.99);

(2) The proposed model describes the water movement feature in the process of
subsurface drainage. We found that the water in the area near the drainpipe collects in the
outer gap of the corrugated pipe and mainly enters the pipe through the bottom perforation.
The drainage flow rate increases with increasing outer diameter and corrugation valley
width; thus, the water table head of the drainpipe decreases;

(3) Among the geometric structure parameters of the corrugated pipe, the primary and
secondary factors affecting the drainage flow are the pipe outside diameter, corrugation
valley width and corrugation height. Among them, the pipe outside diameter and the
corrugation valley width have a significant impact on the drainage flow, with the outside
diameter being the most critical influencing factor.

In this study, the subsurface drainage model integrates the hydraulic conductivity of
envelope materials and soil on water infiltration. In addition, the model only considers
steady-state underground drainage and ignores the dynamic drainage process. In the
next step, it is necessary to consider the hydraulic conductivity of envelop materials and
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different soil textures and to further analyze the influence of the shape and pattern of the
perforations on the drainage performance.
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