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Abstract

Due to the poor anti-clogging performance of the common drip irrigation
emitters, this paper designed a new bionic flow channel in the emitter based
on the shape of shark dorsal fin. After preliminary structural design, the
computational fluid dynamics (CFD) simulation showed that the bionic
emitter exhibited superior anti-clogging performance and reasonable hydrau-
lic performance. The passage rate of particles of the bionic emitter in simula-
tion reached 96.3% which was 37.6% higher than 70% of traditional emitter,
and the discharge exponent reached 0.4995 which was close to traditional
emitter. Physical experiments were consistent with the CFD results, which
confirmed the correctness of simulation. After a short cycle anti-clogging
performance experiment, the bionic emitter still maintained 96.09% of the in-
itial flow rate.
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1. Introduction

A drip irrigation emitter is the terminal of drip irrigation system, which con-
sumes the energy of water flowing so that water flows into the soil in the form of
water drops. The common labyrinth channel emitters are widely used because
they make water flow into a turbulent flow and have good energy dissipation
performance by using complex and changeable boundary (Yu, 2011). However,
due to the large sediment content of rivers in most water-scarce regions and se-
diment deposition under long-term use, drip irrigation emitters are frequently
clogged as shown in Figure 1, which becomes a vital factor restricting the de-

velopment of drip irrigation technology. Therefore, in recent years the research
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direction of emitters mainly focuses on the anti-clogging performance of emit-
ters.

In order to cope with clogging of emitters, Zhou et al. 2019 formed a local
vortex by using appropriate internal water shear force to clean the inner wall of
the channel, so as to alleviate the clogging of the emitters. Ait-Mouheb et al.
2018 studied the effects of hydraulic conditions on the deposition of clay par-
ticles and biofilm formation by optical method for better comprehension of
the physical and biological clogging during drip irrigation, and used a trans-
parent microfluidic system composed of labyrinth channels to identify the
most easily clogged areas. Li et al. 2006 used variable geometric parameters to
design and construct emitters, and tested the relationship between an-
ti-clogging performance and parameters. So far, the research on the an-
ti-clogging performance of emitters was mostly based on the traditional laby-
rinth channel. Actually, the channel structure itself has a great impact on the
anti-clogging performance, so it may be possible to find a new channel struc-
ture to solve this problem.

Bionic design is not only an important research method in industry, but also a
significant means of innovation, and profiling is a common bionic method in
product design (Luo et al., 2018). Shark dorsal fin (Figure 2(a)), with a flat front
tip, whose height and thickness gradually increase backwards along the spine,
makes sharks swim steadily. The fluid resistance of the dorsal fin is less in the

course of swimming because of its streamline on the vertical plane and sharp

Velocity (cm s=1)

(b)
Figure 2. Shark dorsal fin and the velocity behind the dorsal fin (Maia et al. 2017).
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triangle on the horizontal plane. From the perspective of fluid dynamics, this
structure can weaken the shark’s thickening of the surface layer during swim-
ming, reduce the viscous resistance, and inhibit the tail flow separation. Maia et
al. 2017 observed the flow field near the shark dorsal fin by time-resolved par-
ticle image velocimetry (Figure 2(b)), and found that the fluid would accelerate
when passing through the sides of the dorsal fin, which could make water flow
more capable of carrying sand particles in irrigation emitters. Besides, the an-
tenna on the top of the vehicle mostly adopts the shape of the shark dorsal fin,
which can effectively guide the air flow and make the movement of the fluid
smoother (Zhang et al., 2017; Demasi et al., 2016; Sudo et al., 2008). According
to this, this paper designed a bionic channel structure based on the streamlined
shark dorsal fin and hoped that particles can flow out of the emitter with water,

in order to improve anti-clogging performance of the emitter.

2. Materials and Methods
2.1. Physical Model

The structural parameters of shark dorsal fin were extracted and simplified for
bionic design. The 3-D model of the bionic emitter with inlet and outlet was
shown in Figure 3, with filter grids at the entrance. For each unit, the overall
structure was symmetrically designed, with the shape of shark dorsal fin in the
middle, so that the fluid carrying particles flowed steadily and rapidly through
both sides of the dorsal fin. The outer sides of the channel were parallel to the
sides of the dorsal fin. The rear part of the unit was arc-shaped, preventing par-
ticle deposition and consuming turbulent kinetic energy to limit flow rate. The
length of each unit was 2.25 mm, width 2 mm, depth 1 mm, and there were 22
units in total. The parametric design was carried out, and four structural para-
meters were selected. Figure 4 shows the structure and four feature parameters
of the bionic emitter channel unit, where W is the width of top rear fin, W is

main channel width, L is the length of top fin and a is the angle of anterior fin.

Figure 3. 3-D model of the fluid in flow channel.
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Current direction

Figure 4. Parametric design of the bionic emitter unit.

2.2. Numerical Methods

The water flow inside the flow channel conformed to the mass conservation and
momentum conservation theorem. So the following assumptions were made
about the flow: normal temperature, steady flow, neglect of the mass force and
surface tension of the fluid, viscous incompressible fluid and no consideration
about the effect of the surface roughness of the flow channel. The standard k-¢
turbulence model and realizable k-¢ turbulence model met the requirements.
Shaheed et al. 2019 pointed out the better performance of the standard k-¢ mod-
el in curved channels and the realizable k-¢ model in confluent channels. Since
the structure designed in this paper had confluent channels, the realizable k-¢
model was chosen.

Realizable k-¢ model (Lateb et al., 2013) includes a new realizable eddy viscos-
ity and a new model dissipation rate formula. The constant C, of turbulent
eddy viscosity achieves the realizable effect. It is no longer a constant but a func-
tion of the turbulent fields, average strain and rotation rate. The model has been
widely validated for various flows including boundary layer flows and separated

flows. Transport equation for kand ¢in this model:

a_k_;_uji:i V_ti _rujuij_g (1)
ot oX;  OX; | oy OX, ’
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where ¢1is the turbulent dissipation rate, & the turbulent kinetic energy, o, the
dissipation with the value of 1.2, v the kinematic viscosity, Vv, the turbulent
viscosity. C, = max[0.43,n/(n+5)] with n=—S, where Sis defined by the ve-
locity strain rate tensor, C, =1.9. The Reynoldgs stress term ruj represents the
momentum diffusion transport by turbulent motion.

The standard wall function method was adopted near the wall surface, and fi-
nite volume method (Mousavian & Najafl, 2009) was selected as discrete me-
thod. The type of inlet was pressure-inlet which was set to 30 - 100 kPa, with an
interval of 10 kPa, 8 levels in total. The gauge pressure of outlet was atmospheric

pressure (0 kPa). Pressure-velocity coupling method used the SIMPLE algo-
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rithm. Spatial discretization terms were solved by the second order upwind me-
thod, and convergent residual accuracy was set to 0.0001.

A discrete term was created under Fluent model option. The fluid was treated
as the continuous phase, the sand of 2500 km/m? density was treated as the dis-
crete phase, and injection type was surface injection. The diameter of particles
was within 0.06 mm to 0.18 mm, with the average size of 0.12 mm. Discrete
random walk model (Euler-Lagrange two-phase flow model) was checked under
turbulent dispersion option, which had the advantages: 1) no pseudo-diffusion
in numerical calculation, 2) no more excessive calculation memory for disperse
particles, 3) the complex process of particle collisions can be easily added (Sabnis
et al., 1992). The number of tries was set to 5, which meant that the same num-
ber of particles was released 5 times and the latter release had an impact on the
former, which was more consistent with the actual situation (Zhang et al., 2020).

Tracking length scale was a value of 0.1 mm.

2.3. Physical Test for Model Validation

Hydraulic performance tests were carried out by 3D printing test pieces (Figure
5) to verify the consistency between the numerical simulation and the physical
results. The inner diameter of the test piece was 16 mm, material was photosen-
sitive resin and the manufacturing error was less than 0.1 mm. The part of the
flow channel was sealed with plastic perforated at the outlet. The pressure was
applied to the pipeline on the test platform by water pump, and the precise
pressure gauge was installed at the inlet and outlet of the pipeline to ensure the
accuracy of the water pressure. The flow rate of the emitter was measured by
measuring cylinder. Before measuring the flow rate, the pipeline valve should be
adjusted so that the pressure indicator reached the pressure level and remained
unchanged. After 3 minutes waiting, the mass flow rate within 5 minutes was
measured (Yang et al., 2020). The above steps were repeated to obtain the flow
rate at each pressure level. This study carried out two hydraulic performance
tests, one at the initial design stage and the other after optimization. There were
25 bionic emitters installed on the test platform, and the average value was taken

as the result.

Figure 5. Test sample of the bionic emitter.
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Anti-clogging performance test referred to “Clogging test methods for emit-
ters” drafted by ISO committee which suggested that the emitter was considered
to be clogged when the flow rate of the emitter was 75% less than the initial flow
rate, that was, the flow rate was reduced by more than 25%. The inert particles
were natural river sand and the working pressure of the inlet was 50 kPa. The
test consisted of eight stages of adding sand. Clear water flowed stably in 5 drip
irrigation belts composed of 25 emitters and the average of the flow rate of each
emitter within 5 min was measured as reference before the test. Subsequently the
larger size particle was added continuously with the progress of each stage and
fully mixed with irrigation water until eight stages were accomplished. The sys-
tem required running for 15 minutes under the condition of stable pressure be-
fore each measure, and preparation between the end of the previous stage and

the beginning of the next stage needed to be carried out under no pressure.

2.4. Evaluation Indicators of Emitters

The evaluation of emitters generally has two indicators, one is hydraulic perfor-
mance, and the other is anti-clogging performance. Hydraulic performance (Keller

& Karmeli, 1974) is determined by discharge exponent x from the following:
Q=k-p” 3)
where Q is the flow rate (L/h), kthe discharge coefficient, p the working pres-
sure indicated by head (m). xreveals the sensitivity of the flow rate to the change
of pressure. The greater the xis, the more sensitive and the worse hydraulic per-
formance. In simulation anti-clogging performance is determined by passage

rate of particles m which is the ratio of particles passing through the outlet 7,
to particles entering the inlet m, (Zhangetal., 2011).

Mo
M

n (4)

Hydraulic performance and anti-clogging performance restrict each other, so
an efficient multi-objective algorithm is needed to find a balance between the

two performances.

3. Results

3.1. Turbulence Characteristics of Flow Channel

Figure 6 shows the velocity distribution in partial flow channel obtained by nu-
merical simulation at the 50 kPa pressure inlet. There are two high-speed main-
streams on both sides of the fin in each unit, which carries water flow and par-
ticles passing quickly. Due to the high external flow velocity and low pressure in
the area behind the fin, two vortices are formed here, which not only is one of
the main energy dissipation forms of the fluid in the flow channel, but also has a
certain scouring effect on the wall surface. The vortex area in the flow channel is
a dynamic area, which transforms continuously with the disturbance of water

flow and has no dead angle, thus sand particles are not easily deposited here
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Figure 6. Velocity vector in the flow channel.

(Vieira et al., 2007; Adin & Sacks, 1991). The rear arc-shaped structure greatly
changes the direction of the two mainstreams so that they recombine in the op-
posite directions when they flow out of the unit, which helps to consume the
energy of the water flow to ensure the hydraulic performance of the bionic emit-

ter.

3.2. Particle Tracks of Discrete Phase

The irregular path line in Figure 7 is the track of a single particle in the emitter,
and the black outline is the middle section of the wall surface. The time required
for the particle to pass through each unit is close and extremely short, which is a
good illustration of the rapid passage of the particle in the flow channel with
water flow without falling into a vortex, retention and sedimentation. The par-
ticle passes through each unit nearby the dorsal fin with the mainstream. Al-
though the particle hits the arc-shaped structure at the rear in some units, it still
bounces back to the mainstream quickly. Finally, the particles escape from the

flow channel after about 0.13 s at the outlet.

3.3. Comparison between Numerical Simulation and Physical
Validation

The pressure-discharg curves obtained from the hydraulic performance experi-
ment of the bionic emitter is shown in Figure 8. The discharge exponent x is
0.4995, corresponding to structure parameters W, =0.6, W, =0.65, L=0.9
and a =75". The relative error between experiment and simulation is small, the
maximum does not exceed 4.36%.

Through two-phase flow simulation, the passage rate of particles 1 is 97.36%.
However, the physical experiment cannot directly verify the correctness of the
passage rate of particles, but there is a corresponding relationship between n and
the flow reduction rate of anti-clogging experiment. The higher the passage rate

of particles is, the lower the reduction rate is. Figure 9 shows the result of
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Figure 7. Track of a single particle.
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Figure 8. Pressure-discharge rate curves of simulation and the hydraulic experiment.
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Figure 9. Results of short cycle anti-clogging test.

“short cycle anti-clogging test” at 50 kPa operate pressure as mentioned in 2.3,
and 75% of the initial flow rate is the critical value. As can be seen from the fig-
ure that the flow rate has hardly any decreased until the eighth stage decreased
by 3.91% which was also far below the critical value of 25%. Therefore, the phys-
ical experiment and simulation of the anti-clogging performance of the emitter

have also reached agreement.

DOI: 10.4236/gep.2021.94002 18 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2021.94002

C. X. Wei et al.

We also did simulations on some popular dentiform channel emitters and
found that their discharge exponents xs were between 0.48 and 0.5 which were
equivalent to the bionic emitter designed in this paper, and the average passage
rate of particles reached 70% which is much lower than 97.36% of the bionic
emitter. The corresponding flow rates of the shark dorsal fin channel structure
under various working pressures are higher than traditional emitters, so that the
bionic emitter is suitable for low pressure conditions (40 - 70 kPa) which simul-

taneously reduces energy consumption.

4. Conclusion

In this paper, the bionic emitter with the flow channel designed by imitating the
shape of shark dorsal fin is suitable for use in water-scarce areas with large sedi-
ment content and in the case of low pressure or large water demand of crops.
The superior anti-clogging performance and reasonable hydraulic performance
of the emitter were settled by numerical simulations and verified by physical ex-

periments.
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