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Abstract: The bionic structure drip irrigation emitter (BSDE) is a new-type emitter, by which better hydraulic performances can be obtained. In the present work, twenty-five sets of orthogonal test schemes were implemented to analyze the influence of the geometric parameters of the flow channel on the hydraulic characteristics and energy dissipation efficiency of this emitter. Through numerical simulations and verification tests, the flow index and energy dissipation coefficient were obtained. According to the results, the flow index of the BSDE is 0.4757–0.5067. The energy dissipation coefficient under the pressure head of 5–15 m is 584–1701. The verification test has shown that the relative errors among measured values, simulated values and estimated values are less than 3%, which indicates that the flow index can be estimated reliably.
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1  Introduction

Drip irrigation emitter is the core component of the drip irrigation system. The flow channel of the drip irrigation emitter affects the hydraulic performance and energy dissipation efficiency [1,2]. The hydraulic performance of the flow channel is expressed by the flow index, which indicates the sensitivity of the flow rate of the drip irrigation emitter to the inlet pressure [3,4]. The energy dissipation efficiency of the flow channel is expressed by the energy dissipation coefficient, which indicates the intensity of flow turbulence in drip irrigation emitter [5]. The geometric parameters of the flow channel have a significant impact on the uniformity and efficiency of the drip irrigation system [6,7]. Excessive geometric parameters will cause the uniformity of irrigation to decrease, and small geometric parameters will reduce the energy dissipation efficiency [8,9]. Therefore, the research on the relationship between the geometric parameters and the hydraulic performance of flow channels has always been a hot topic in the field of water-saving irrigation [10,11].

Computational fluid dynamics (CFD) is a new method to study the flow mechanism of emitters, reduce the development cost of emitters and shorten the test period, which makes up for the deficiency of the experiment to a certain extent [12,13]. Yuan et al. [14] used the CFD method to optimize the structure of the divided-flow drip irrigation emitter to obtain the functional relationship between anti-blocking performance and geometric parameters. Guo et al. [15] designed a two-way opposed flow channel and applied CFD to analyze the relationship between flow rate and working pressure. In order to improve the hydraulic performance and energy dissipation efficiency, many scholars had put forward many new design concepts and structural types of drip irrigation emitters [16,17]. The fractal flow channel designed on the basis of fractal theory can effectively reduce the flow index [18]. The triangle circulation flow channel can increase fluid turbulence and improve the uniformity of outlet flow-through internal large and small triangles [19]. A two-way flow channel with the combination of “V” shape and “∧” shape can improve the energy dissipation efficiency by mixing forward and reverse flow [20]. Xing et al. [21] used the bionic principle to design the drip irrigation emitter with a perforated plate structure, which had good hydraulic performance, and the flow index was 0.47–0.51.

Many inventions were derived from the bionics of plant structure or form, and plant bionics had a very wide range of applications. Based on the pressure drop similarity between the drip irrigation emitter and the torus-margo bordered pit structure of the plant xylem, the pit drip irrigation emitter was designed [22,23]. The bionic structure drip irrigation emitter (BSDE) was taken as the research objectives, numerical simulation and tests used to obtain pressure, and flow rate in the flow channel, combined with multiple regression models to establish a mathematical equation for calculating the flow index. It can: (1) obtain the flow index and the energy dissipation coefficient of the BSDE, (2) analyze the influence of geometric parameters on the performance of the BSDE, (3) evaluate the prediction model and flow characteristics of the BSDE. The results will provide a reference for the new bionic structure drip irrigation emitters and offer a deeper understanding of channel design in the drip irrigation technology.

2  Materials and Methods

2.1 BSDE Structure Design

The torus-margo bordered pit structure in plant xylem tracheids had good depressurization stability (Fig. 1a). According to the structure similarity, the pit drip irrigation emitter (PDIE) was designed [23]. Later research found that the BSDE had better working performance than the PDIE. The structure of PDIE and BSDE were shown in Figs. 1b and 1c.
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Figure 1: Schematic diagram of pit structure and two bionic models

2.2 Numerical Simulation and Test Model

2.2.1 Control Equation

The fluid flow relies on the steady-state conservation equations for mass and momentum in a fluid, which are given by [24,25]:

Continuity equation:


∂u∂x+∂v∂y+∂w∂z=0
(1)

Momentum equation:

{ ρ(u∂u∂x+v∂u∂y+w∂u∂z)=−∂P∂x+μ(∂2u∂x2+u∂2u∂y2+u∂2u∂z2)ρ(u∂v∂x+v∂v∂y+w∂v∂z)=−∂P∂y+μ(∂2v∂x2+u∂2v∂y2+u∂2v∂z2)ρ(u∂w∂x+v∂w∂y+w∂w∂z)=−∂P∂z+μ(∂2w∂x2+u∂2w∂y2+u∂2w∂z2)(2)

where u, v, w are the components of the velocity vector along the x, y, z-directions, respectively, ρ is the fluid density, P is the fluid pressure, µ is the dynamic viscosity.

In this study, a non-direct numerical simulation method was selected for analysis. The standard k–ε model had strong applicability to turbulent flow involved in BSDE model.

Its control equations are as follows:


∂(ρK)∂t+∂(ρkui)∂xi=∂∂xi[(μ+μtσk)∂k∂xj]+Gk+Gb−ρε−YM+Sk∂(ρε)∂t+∂(ρεui)∂xi=∂∂xj[(μ+μtσε)∂ε∂xj]+C1εεk(Gk+C3εGb)−C2ερε2k+Sε
(3)

In the model, ε representing the turbulent dissipation rate was defined as:


ε=μρ(∂u′i∂xk)(∂u′j∂xk)¯
(4)

Gk representing the generation term of the turbulent energy k due to the average velocity gradient was defined as:


Gk=μt(∂ui∂xj+∂uj∂xi)∂ui∂xj
(5)

Turbulent viscosity µt can be expressed as a function of k and ε as follows:


μt=ρCμk2ε
(6)

where Gb was the generic term of the kinetic energy k caused by buoyancy, YM represented the contribution of pulsation expansion in compressible turbulence, C1Ɛ, C2Ɛ and C3Ɛ were the empirical constant, σk and σƐ were the Prandtl numbers corresponding to the kinetic energy k and the turbulent dissipation rate ε, respectively. Cμ was empirical constant, Sk and SƐ were user-defined source items, and the correlation values were: C1Ɛ = 1.44, C2Ɛ = 1.92, C3Ɛ = 1.44, σk = 1.0, σƐ = 1.3, Gb = 0, YM = 0, Cμ = 0.09, Sk = 0, SƐ = 0.

2.2.2 Structure and Geometric Parameters

The BSDE model was composed of inlet, flow channel and outlet (Fig. 2). The flow channel included pit aperture A(mm), pit depth B(mm), bottom height C(mm), left width E(mm) and right width D(mm) (Fig. 3a).
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Figure 2: Schematic diagram of BSDE model

The value range of geometric parameters of the flow channel was as follows: A was 0.6 mm–1.0 mm, B was 1.0 mm–1.4 mm, C was 0.25 mm–0.45 mm, D was 0.12 mm–0.24 mm, E was 0.12 mm–0.24 mm. The pit diameter of the unit was 2.4 mm. The depth of BSDE model was 0.8 mm and the number of channel units was 10.

2.2.3 Meshing and Boundary Conditions

The BSDE model was built by SolidWorks software. The fluid domain was divided by unstructured grids of tetrahedron and hexahedron. Based on the prediction accuracy of the inlet and outlet pressure drop, the predicted pressure drop difference was less than 0.5% (Table 1), and it was considered that the number of grids had no effect on the numerical simulation results. The maximum element size was 3 × 10−5 m, the minimum element size was 1 × 10−5 m, and the total element number of the fluid domain was about 0.39 million. The grid of flow channels were shown in Fig. 3b.
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Figure 3: Schematic diagram of the geometric parameters and meshing
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The spatial discretization was based on the finite volume method. The second-order upwind scheme was adopted for the convection term. The coupling of velocity and pressure was solved by the SIMPLE algorithm, and the accuracy control standard was set to 10−5. The time step size was 0.02 s, Number of time step was 1000. The inlet of the flow channel was set to the pressure inlet, and the pressure values were set to 50, 75, 100, 125, 150, 175, 200, 225 and 250 kPa, respectively; the flow channel outlet was set to the outflow boundary. The no-slip condition was applied to the wall faces of the flow channel. The computing hardware platform was the five PowerCube-S01 cloud cubes high-performance parallel computers, and the ANSYS FLUENT 17.1 calculation software was used.

2.2.4 Construction of Test Model

The test rigs were 5 sets of test models. A pressure level set of tests was designed to each time 25 kPa increase within the pressure range of 50–250 kPa. Each test lasts 15 minutes, and 3 times of test measurements were done under each pressure level to take the average values. The BSDE models were made of plexiglass. An EM-G32S-X32 high-precision engraving machine with a manufacturing precision of 0.01 mm was used, and a repeating positioning accuracy was 0.005 mm. The physical picture of the plexiglass test model was shown in Fig. 4.
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Figure 4: Prototype of BSDE model

2.3 Orthogonal Experiment Scheme

The geometric parameters of BSDE have adopted five factors and five levels (Table 2) and were designed according to the orthogonal experimental design table L25(56). The structure parameters values were shown in Table 3.
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2.4 Calculation Method of Energy Dissipation Efficiency, Flow Index and Relative Error

The model can analyze the fluid flow in BSDE (Fig. 5) by the energy conservation law (Bernoulli equation). The flow between arbitrary sections satisfies the Bernoulli equation, which was written in sections from the inlet to the exit sections Z1, Z2, Zn as:
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Figure 5: Schematic diagram of flow mechanism in BSDE model

P1ρg+V122g+z1=P2ρg+V222g+z2+ξ1V222g+λl1V228DgP2ρg+V222g+z1=P3ρg+V322g+z3+ξ2v322g+λl2V328Dg.............Pn−1ρg+Vn−122g+zn−1=Pnρg+Vn22g+zn+ξn−1Vn22g+λln−1Vn28Dg(7)

where Pn and Vn were the average pressure and flow velocity at section n, ρ was fluid density, g was the acceleration of gravity, zn was the position head of water at the section, ξn−1 was the local loss coefficient of section n−1 to section n,
λ
was the friction factor of head loss, ln−1 was the length between two adjacent sections. D was the hydraulic radius of the rectangular section flow channel. And a and b were the width and depth of the flow channel section, the expression of D was:


D=Aχ=ab2(a+b)
(8)

Add the two sides of the equations of Eq. (7) in order:


P1−Pnρg=zn−z1+ξ1V222g+ξ2V322g+⋅⋅⋅+ξn−1Vn22g+λLVn28Dg
(9)

where l1 + l2 + l3 + ··· + ln-1 = L, L was the total length of the flow channel. Positioning head due to the horizontal flow path, so Z1 = Z2 = Z3 = ··· = Zn.

Known by the continuity equation:


V1A1=V2A2=V3A3=⋅⋅⋅=VnAn
(10)

In Eq. (10), Ai(i=1,2…,n) was the flow area at the corresponding section, substituting Eq. (10) into Eq. (9) give:


ΔPρg=[λ(A1An)2L4D+∑i=1n−1ξi(A1Ai+1)2]V122g
(11)

where


ξ=[λ(A1An)2L4D+∑i=1n−1(A1Ai+1)2ξi]
(12)

Eq. (11) was simplified to:


ΔPρg=ξV122g
(13)

Expressed as:


ξ=2V12⋅ΔPρ
(14a)

Expressed by flow rate:


ξ=2a2b2q2⋅ΔPρ
(14b)

In Eqs. (14a) and (14b), 
ξ
was the flow channel energy dissipation coefficient (frictional head loss and local head loss), q was the average flow rate of the flow channel. Obviously, 
ξ
reflected energy dissipation capacity of BSDE. The expression of q was:


q=kHx
(15)

where k was the flow coefficient; H was the inlet pressure, kPa; x was the flow index.

The relative error equation was as follows:


ε=S(T)−ES(T)×100
(16)

where ε was the relative error; S was the simulation value, l/h; T was the test value, l/h; and E was the estimated value, l/h.

3  Result

3.1 Flow-Pressure Relationship and Flow Index of Flow Channel

The orthogonal experiment numerical simulation results were shown in Table 4. Formula (15) was used to fit the relationship between flow rate and pressure, the coefficient of determination was 0.9998-0.9999, and the regression equation had a good correlation. The flow index of different geometric parameters was between 0.4757–0.5067. The schemes 12 and 18 were taken as examples (Fig. 6), the root means square error between the fitted value and the experiment value was 0.0053 and 0.0090 L/h, which more accurately reflected the relationship between the pressure and flow rate of the BSDE.
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Figure 6: Relationship between flow rate and pressure for test schemes 12 and 18

3.2 Energy Dissipation Efficiency and Velocity Distribution

The energy dissipation efficiency of the BSDE was solved by the Bernoulli Eq. (14b). The results showed that the energy dissipation coefficient of the flow channel was 584–1701 at 5–15 m in the 25 experiment schemes (Table 5), which showed that the energy dissipation efficiency was obvious.
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Taking scheme 1 (maximum energy dissipation coefficient) and scheme 25 (minimum energy dissipation coefficient) under 50 kpa pressure as the example. The fluid velocity at all points in the flow channel was not the absolute flow velocities in the BSDE (Fig. 7). However, the compared velocities within different locations in the flow channel were valid. By observing the velocity distribution of the two BSDE models, low-speed zone will be generated at the junction of the pit aperture, and high-speed zone will be generated at the left side of the tours. Experimental scheme 25 also produced obvious low-speed zones in the upper and lower corners. In the different low-speed zones of the BSDE model, a complete low-speed vortex was not observed, which had a good anti-blocking performance. The analysis of the flow velocity distribution and geometric parameters showed that the energy dissipation efficiency of the BSDE model was related to the flow rate and velocity distribution, the low-speed mixing of the junction area was conducive to energy dissipation.

[image: images]

Figure 7: Relationship between flow rate and pressure for experimental schemes 1 and 25

3.3 Influencing Factors of Flow Index

The range analysis of geometric parameters was implemented through the flow index values in Table 4. The range value showed that the order of the influence of each geometric parameter on the flow index was A > B > C > D > E. The optimal solution was A0.6B1.0C0.3D0.12E0.21 (Table 6).

[image: images]

Further analysis of the trend of the relationship between each parameter and the flow index (Fig. 8), it can be seen that the flow index decreased with the increase of A, B, C and D, and increased with the increase of E.
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Figure 8: Effect of geometric parameter on flow index

3.4 Establishment and Verification of Flow Index Prediction Model

Based on the results of the orthogonal experiment, SPSS software was used to perform a multiple linear regression with a confidence level of 95%, and the regression model between the flow index and each parameter was calculated as:


x=0.5411−0.0308A−0.0088B−0.0319C−0.0795D+0.0629E
(17)

The regression coefficient significance test F statistic value of this model was 6.997, the significance level Sig.= 0.001, the regression effect was significant, and the established regression equation was effective.

In order to further verify the reliability of the regression model, three groups of different flow channels were selected within the range of geometric parameters (Table 7), and the model samples were processed for testing and simulation. The estimated value was calculated by the formula (17) and the relative error was calculated by the formula (16). The calculation showed that the relative error of the flow index was −1.03% to 0.74%, which was less than 3%, indicating that the regression model of the formula (17) can accurately reflect the quantitative relationship between the flow index and the geometric parameters of the BSDE.
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4  Conclusion

1.    The flow index of the BSDE was 0.4757–0.5067, indicating that its hydraulic performance was good. The energy dissipation coefficient under the pressure head of 5–15 m was 584–1701. Compared with the traditional unit flow channel structure, the energy loss effect was significantly improved, indicating that the structure of this type of drip irrigation emitter was reasonable.

2.    There was no low-speed vortex zone in the model flow channel, and the low-speed mixing of the junction area was conducive to energy dissipation. The results showed that the flow index decreased with the increase of A, B, C and D, and increased with the increase of E. The influence order of the geometric parameters on the flow index was A > B > C > D > E, The optimal solution was A0.6B1.0C0.3D0.12E0.21.

3.    The flow index prediction model was established, and the relative error among the test value, simulated value and estimated value was less than 3%, which proved the accuracy and reliability of the regression model.
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Table 1: Grid independence test

Number of grid Pressure drop
Very Coarse 117450 —
Coarse 205634 1.27%
Standard 388276 0.58%
Fine 939874 0.21%
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Table 3: Orthogonal experiment scheme of BSDE model

Level Geometry parameters values
A/mm B/mm C/mm D/mm E/mm

1 0.6 1.0 0.25 0.12 0.12
2 0.6 1.1 0.30 0.15 0.15
3 0.6 1.2 0.35 0.18 0.18
4 0.6 1.3 0.40 0.21 0.21
5 0.6 1.4 0.45 0.24 0.24
6 0.7 1.0 0.30 0.18 0.21
7 0.7 1.1 0.35 0.21 0.24
8 0.7 1.2 0.40 0.24 0.12
9 0.7 1.3 0.45 0.12 0.15
10 0.7 1.4 0.25 0.15 0.18
11 0.8 1.0 0.35 0.24 0.15
12 0.8 1.1 0.40 0.12 0.18
13 0.8 1.2 0.45 0.15 0.21
14 0.8 1.3 0.25 0.18 0.24
15 0.8 1.4 0.30 0.21 0.12
16 0.9 1.0 0.40 0.15 0.24
17 0.9 1.1 0.45 0.18 0.12
18 0.9 1.2 0.25 0.21 0.15
19 0.9 1.3 0.30 0.24 0.18
20 0.9 1.4 0.35 0.12 0.21
21 1.0 1.0 0.45 0.21 0.18
22 1.0 1.1 0.25 0.24 0.21
23 1.0 1.2 0.30 0.12 0.24
24 1.0 1.3 0.35 0.15 0.12
25 1.0 1.4 0.40 0.18 0.15
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Table 6: Range analysis results for orthogonal experiment

Scheme Flow index
Level A/mm B/mm C/mm D/mm E/mm
Ki value 1 2.4917 2.4818 2.4635 2.4813 2.4394
2 2.4796 2.4691 2.4691 2.4774 2.4507
3 2.4541 2.4245 2.4245 2.4553 2.4552
4 2.4305 2.4506 2.4514 2.4414 2.4757
5 2.4392 2.4691 2.4345 2.4397 2.4741
Ki avg value 1 0.4983 0.4964 0.4927 0.4963 0.4879
2 0.4959 0.4938 0.4938 0.4955 0.4901
3 0.4908 0.4849 0.4849 0.4911 0.4910
4 0.4861 0.4901 0.4903 0.4883 0.4951
5 0.4878 0.4938 0.4869 0.4880 0.4948
Best level 1 1 2 1 4
R 0.0122 0.0115 0.0089 0.0083 0.0073
Number of levels 5 5 5 5 5
Number of repeats per level r 5 5 5 5 5

Note: Ki is sum of flow index for level 1; Ki avg is arithmetic mean of K.
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Table 4: Orthogonal experiment numerical simulation results

Level Flowrate  Flow Flow index Level Flowrate Flow Flow index
q/ L-h™ coefficient q/ L-h™ coefficient

1 1.676 0.2339 0.5037 14 2.375 0.3480 0.4907
2 1.980 0.2748 0.5036 15 2.428 0.3555 0.4905
3 2.213 0.3187 0.4949 16 2.258 0.3203 0.4981
4 2.465 0.3559 0.4941 17 2.173 0.3345 0.4777
5 2.725 0.3918 0.4954 18 2.110 0.3270 0.4757
6 2.078 0.2854 0.5067 19 2.505 0.3804 0.4820
7 2.368 0.3350 0.4995 20 2.828 0.4039 0.4970
8 2.174 0.3337 0.4781 21 2.187 0.3318 0.4816
9 2.411 0.3481 0.4944 22 2.109 0.3071 0.4925
10 2.382 0.3356 0.5009 23 2.472 0.3630 0.4904
11 2.024 0.2955 0.4917 24 2.574 0.3785 0.4894
12 2.254 0.3228 0.4958 25 2.859 0.4274 0.4853
13 2.501 0.3746 0.4854

Note: g, flow rate value under inlet pressure 50 kPa; Flow index was estimated by regression model.
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Table 7: Verification scheme and results

Level Geometry parameters values Flow index Error/%
A/mm B/mm C/mm D/mm E/mm Simulation Test Estimated value S-E T-E
value value
1 0.6 1.0 0.35 0.18 0.18 0.5025 0.4946 0.4997 0.56% -1.03%
0.8 1.1 040 0.15 0.12 0.4890 0.4849 0.4896 -0.12% -0.97%
3 0.9 1.3 040 0.21 0.15 04855 0.4810 0.4819 0.74% -0.19%
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Table 2: Geometry parameters values of BSDE model

Level Geometry parameters values

A/mm B/mm C/mm D/mm E/mm
1 0.6 1.0 0.25 0.12 0.12
2 0.7 1.1 0.30 0.15 0.15
3 0.8 1.2 0.35 0.18 0.18
4 0.9 1.3 0.40 0.21 0.21
5 1.0 1.4 0.45 0.24 0.24

Note: A is distance of pit aperture, mm; B 1s distance of pit depth, mm; C is distance of bottom height,
mm; D is distance of right width, mm; E is distance of left width, mm.
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Table 5: Energy dissipation coefficient of BSDE in different schemes at 5—15 m

Scheme Energy dissipation coefficient Scheme Energy dissipation coefficient
1 1674~1701 14 847~872

2 1208~1235 15 811~838

3 975~995 16 937~953

4 786~803 17 1012~1089
5 643~655 18 1073~1161
6 1088~1113 19 761~805

7 852~860 20 597~605

8 1011~1087 21 999~1064
9 822~838 22 1074~1101
10 839~844 23 782~806
11 1167~1200 24 721~749
12 941~960 25 584~613
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