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ABSTRACT

In the low-pressure irrigation system, a Venturi injector of low working pressure and energy con-
sumption with a double-suction port was designed. The computational fluid dynamics method was
used to simulate the inner flow field of Venturi injectors to obtain hydraulic performances. Taking
the fertilizer mixing concentration as the evaluation index, an orthogonal test of six factors and five
levels was designed to acquire the optimal structure with numerical calculation. The parameters in
the optimal structure were as follows: the convergence angle 24°, the throat contraction ratio 0.2,
the throat length-diameter ratio 2.0, the expanding angle 6°, the inclination angle 50°, and the num-
ber of suction port 2. Compared with the Venturi injector with a single suction port of inclination
angle 90°, fertilizer suction discharge and mixing concentration of the double-suction port structure
were increased by 236% and 198.8%, respectively. The double-suction port structure with an incli-
nation angle 50° has better performances, including lower starting working pressure, more fertilizer
suction discharge and mixing concentration, and is suitable for the low-pressure irrigation system.

Keywords: Venturi injector; Low-pressure irrigation system; Computational fluid dynamics;
Injection performance; Orthogonal test

1. Introduction

With the rapid development of agricultural moderniza-
tion, automatic fertigation is applied in field crops, facility
agriculture, horticulture, and vegetable greenhouse [1].
Various fertilizer injection units, such as self-pressured
injecting device, pressure differential fertilizer tank [2], pro-
portional injection pump, automatic fertilizing machine [3]
and Venturi injector [4], are used in the integrated water-
fertilizer irrigation [5]. The performance of the fertilizer
injector unit has a great impact on the fertilizer suction
amount and the water-fertilizer mixing uniformity. Venturi
injector is widely used in fertigation system due to the
significant advantages of convenient operation, low cost,
easy installation, and effective work without extra power.

* Corresponding author.

However, the Venturi injectors on the market have several
problems as follows:

* Starting working pressure of the Venturi injector is more
than 0.1 MPa, so a high-lift pump should be installed at
the head part of the irrigation system to provide high
pressure.

* Unstable performance results in the uneven mixing
of water and fertilizer, thus crops cannot get enough
fertilizer [6,7].

* Sizeis large so as to install in greenhouses difficultly.

Low-pressure irrigation [8,9] is a new model that opti-
mizes energy distribution and reduces energy loss when
considering different terrain. The saving efficiency of
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water and fertilizer is more than 80% [10,11]. Therefore,
it is necessary to design a Venturi injector suitable for the
low-pressure irrigation system and the existing defects
are improved. Now, most studies about Venturi injectors
only focus on performance parameters from experimental
tests [12,13]. The experimental method is time-consuming
and high cost because a lot of Venturi injectors are fabri-
cated, installed, and tested. Computational fluid dynam-
ics (CFD) [14] is a high-efficiency method to research
hydraulic performances. This method is used to simu-
late the inner flow field and get the performance parame-
ters of Venturi injectors. Combined with the orthogonal
test, the comprehensive effect of structural parameters
on performance and the optimal structure are acquired.

2. Design and methods
2.1. Structure and principle of Venturi injector

A typical structure of the Venturi injector was designed
as shown in Fig. 1. It includes inlet section L, contraction
segment L, throat section L,, divergent segment L, outlet
section L,, and suction port section L. The working princi-
ple is based on the Venturi effect [15,16]. When the pressure
water flows through the inner cavity of the Venturi tube,
the velocity becomes larger due to the shrinking diame-
ter to bring about negative pressure in the throat section.
Under atmospheric pressure, the fertilizer is inhaled into
the Venturi tube.

2.2. Experimental facility

The schematic diagram of the experimental device
is illustrated in Fig. 2. The pipes were all made of polyvi-
nyl chloride. The main pipe had a diameter of 40 mm, the
pipe diameter connected with the inlet and outlet of the
Venturi injector was 20 mm. To measure the discharges of
the inlet, outlet, and suction port, three turbine flow meters
(Zhongjiang, Foshan, China) with an accuracy of +5%
were installed upstream of the inlet and suction port and
downstream of the outlet. Two pressure gauges (0.4 MPa,
Hakin, Qingdao, China) with 2.5% precision were installed
to detect the inlet and outlet pressure of the Venturi injec-
tor. The different inlet pressures were supplied using the
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Fig. 1. Structure of Venturi injector. Q,_inlet discharge; D diam-
eter of inlet and outlet; a convergence angle of contraction seg-
ment; d diameter of throat section; f expanding angle of diver-
gent segment; Q_ outlet discharge; 0 inclination angle of suction
port; q fertilizer suction discharge.

variable frequency pump (XKJ-804S, LEO, Wenling, China).
The outlet pressure was regulated by a ball valve. The lig-
uid fertilizer was replaced by clean water in the fertilizer
tank. The vertical distance between the water level and the
suction port was kept constant with a value of 50 + 10 mm.

2.3. Experimental settings

The inlet pressure p, was set as 0.05 and 0.1 MPa. The outlet
pressure p, was set as 0, 0.01, 0.02, 0.03, 0.04, 0.05 MPa.
The inlet pressure p of the suction port was set as 0 MPa.

Under various conditions, the fertilizer suction dis-
charge g was recorded and the fertilizer mixing concentra-
tion C (the ratio of fertilizer suction discharge g to outlet
discharge Q_ ) was calculated. All experimental data were
recorded under stable pressures for 1 min and each condi-
tion was repeated three times. The structural parameters
are shown in Table 1.

2.4. CFD method

CFD is a convenient method for the analysis of sin-
gle-phase and multi-phase fluid states. The hydraulic per-
formance of the Venturi injector was simulated by Fluent
15.0. In Table 2, the average Q, (the difference between
Q.. and gq) was about 900 L/h. The average inlet flow rate
v was 1.244 m/s as shown in Eq. (1). In the experiment,
the liquid was clean water. So, the fluid kinematic viscos-
ity was 1.0574 x 10° m?/s at 18°C. The Reynolds number
Re was 18,823 (more than 4,000) as shown in Eq. (2), hence
the inner flow field belonged to the turbulence model. The
standard k-¢ turbulence model was selected to represent
the flow field of the Venturi injector [17-19]. The first-order
upwind scheme and the classic simple algorithm were
set to solve the governing equations. All convergent val-
ues were set to less than 10 The three-dimensional mesh
model of the Venturi injector was established by Workbench
15.0. The unstructured grids with a size of 1 mm were used.
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Fig. 2. Schematic diagram of experimental platform for Venturi
injector: 1 = computer; 2 = S7-200 PLC controller; 3 = variable
frequency pump; 4 = inlet control valve; 5 = inlet flow meter;
6 = inlet pressure gauge; 7 = Venturi injector; 8 = suction port flow
meter; 9 = fertilizer tank; 10 = outlet pressure gauge; 11 = outlet
flow meter; 12 = outlet control valve; 13 = mixing tank of water
and fertilizer.
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Table 1
Structural parameters of the Venturi injector

Parameter

Value

Inlet and outlet diameter D (mm)
Convergence angle a (°)
Contraction ratio of throat 1
Throat length-diameter ratio y*
Expanding angle {3 (°)

16

16, 18, 20, 22, 24, 26, 28, 30, 32

0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50
12,14,16,18,2.0,22,24,2.6,28
4,57,9,11,13,15

Inclination angle O (°) 40, 50, 60, 70, 80, 90
Number of suction ports n 1,234

‘ratio of throat diameter d to inlet diameter D;

'ratio of throat length L, to throat diameter d.

Table 2

Simulated and experimental data under gradient pressure difference
p, (MPa) p, (MPa) g (Lh™) Q,.Lh™M C

Sim.” Exp.t Err. (%) Sim. Exp. Err. (%) Sim. Exp. Err. (%)

0.1 0 120.96 114.48 5.66 1,116.24 1,155.43 -3.39 10.84 991 9.37
0.1 0.01 102.46 93.99 9.01 1,091.84 1,077.74 131 9.38 8.72 7.60
0.1 0.02 86.56 87.02 -0.53 1,071.46 1,060.29 1.05 8.08 8.21 -1.57
0.1 0.03 67.13 66.63 0.75 1,045.86 1,023.53 2.18 6.42 6.51 -1.40
0.1 0.04 46.31 47.36 -2.21 1,022.26 999.14 2.31 4.53 4.74 —4.43
0.1 0.05 14.4 15.78 -8.74 989.02 984.12 0.50 1.46 1.60 -9.20

“simulation value;
Yexperiment value;

‘error (the percentage error between the simulated and experimental values).

Re— pvD _poD oD @)
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2.5. CFD wverification

The parameters of the initial structure are: D 16 mm,
a 22° 1% 0.3, v 2.0, 37° 0 90° n 1. The boundary conditions
were set as p, 0.1 MPa and p, 0, 0.01, 0.02, 0.03, 0.04, and
0.05 MPa.

Under the same working conditions, g and Q , can
be obtained by CFD. Then C was calculated. All data are
shown in Table 2. Each error between simulation and
experiment is less than 10%. Hence, this solution approach
is reasonable. It can be used to analyze the practical
performance of the Venturi injector.

2.6. Structural optimization

The structure (Table 1) in the range of each parame-
ter was simulated to obtain the trend charts (Fig. 3) of g
and C. The boundary conditions were: p, 0.1 MPa; p, 0 MPa.

Fig. 3a shows that g and C increase first and then
decrease rapidly as a increases. g and C keep stable val-
ues in the range of 18°~26°. In Fig. 3b g increases with the
increase of x, but the trend of C is the opposite.

Fig. 3c illustrates q and C raise gradually as y increases.
In Figs. 3d and e when (3 and O increase, 4 and C reduce

simultaneously. Fig. 3f indicates that g and C enhance sig-
nificantly with more than one suction port and the Venturi
injectors with even numbers of suction ports have better
performances. Taking fabrication and structural interfer-
ence into consideration, the optimal values of a, ¥, v, {3,
0, n are 18~26, 0.2~0.4, 1.6~2.4, 5~9, 50~90, 2, respectively.

CFD method improves the disadvantages of the experi-
mental method, but it takes a lot of time when a large num-
ber of structures are simulated. The orthogonal test method
[20] can be used to reduce the number of structures and
find the optimal combination structure. According to the
number of parameters and their optimal range, a six-factor
and five-level L,, (5°) orthogonal table was designed with
a blank term [21,22] regardless of the interaction between
the parameters. The levels of each parameter are shown in
Table 3.

The orthogonal test table has 25 parameter combinations,
which are simulated under the condition of p, 0.05 MPa
and p, 0 MPa. C calculated is used as the evaluation index
of Venturi injector in orthogonal tests. So, the orthogonal
tests and the index are shown in Table 4.

From Table 4, the five values of C corresponding to level
i(i=1,2, 3, 4, 5) of each factor were summed to get K. k,
was the mean of K. Then the intuitive data can be obtained
to establish in Table 5. k, represents the C of level i of each
parameter.

The trend chart of the influence of every parameter on C
(k in Table 5) is shown in Fig. 4. { decrease with the increase
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Fig. 3. Relationship between g, C and (a) «, (b) k, (c) v, (d) B, (e) 6 and (f) n.

Table 3
Factors and levels of L, (5°) orthogonal test

Factor  Level 1 Level 2 Level 3 Level 4 Level 5
a(°) 18 20 22 24 26

K 0.2 0.25 0.3 0.35 0.4

v 1.6 1.8 2 22 24
B(©) 5 6 7 8 9

0 (°) 50 60 70 80 90

of i« and O, and fluctuate with the increase of a, y, and £.
The optimal combination for the maximum C is a = 24°,
k=02, v=20, p=6° 0=>50°. However, this combination
does not exist in the orthogonal test. The new structure
will be analyzed to know the performance.

3. Results and discussion
3.1. Influence of parameter on fertilizer mixing concentration

R, (the difference between the maximum and minimum
k (Table 5) of each factor) presents the effect of structural
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Table 4
L, (5°) orthogonal test and results

Sequence a(°) x Y BC) ©6() Blank (%)
1 18 020 160 5 50 1 30.53
2 18 025 180 6 60 2 30.58
3 18 030 200 7 70 3 25.85
4 18 035 220 8 80 4 20.76
5 18 040 240 9 90 5 16.13
6 20 020 180 7 80 5 25.15
7 20 025 200 8 90 1 21.56
8 20 030 220 9 50 2 29.28
9 20 035 240 5 60 3 31.23
10 20 040 160 6 70 4 24.84
11 22 020 200 9 60 4 28.35
12 22 025 220 5 70 5 28.19
13 22 030 240 6 80 1 25.61
14 22 035 160 7 90 2 16.96
15 22 040 180 8 50 3 13.29
16 24 020 220 6 90 3 27.60
17 24 025 240 7 50 4 31.55
18 24 030 1.60 8 60 5 27.83
19 24 035 180 9 70 1 21.13
20 24 040 200 5 80 2 24.55
21 26 020 240 8 70 2 27.02
22 26 025 160 9 80 3 19.85
23 26 030 180 5 90 4 24.17
24 26 035 200 6 50 5 32.89
25 26 040 220 7 60 1 16.39
Table 5
Intuitive analysis of fertilizer mixing concentration
al(®) K Y B () 0(°)
K, 123.85 138.65 120.01 138.67 137.54
K, 132.06 131.73 114.32 141.52 134.38
K, 112.40 132.74 133.20 115.90 127.03
K, 132.66 122.97 122.22 110.46 115.92
K, 120.32 95.20 131.54 114.74 106.42
k, 24.77 27.73 24.00 27.73 27.51
k, 26.41 26.35 22.86 28.30 26.88
k, 22.48 26.55 26.64 23.18 25.41
k, 26.53 24.59 24.44 22.09 23.18
k 24.06 19.04 26.31 22.95 21.28

of

parameters on (. Fig. 5 shows that the impact of struc-
tural parameters is k > 0 > 3 > a > . k is the most relevant
parameter for the performance of the Venturi injector. It is
consistent with the Venturi effect. © changes the direction
of fertilizer flow to affect the mixed state between fertil-
izer and water. 3 represents the size of the water-fertilizer
mixing space. a and y on performance are not significant
and can be ignored. These results provide references for
the structural design of the Venturi injector.
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Fig. 4. Trend chart of fertilizer mixing concentration
influenced by five structural parameters.
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Fig. 5. R, of five factors: o, , v, B, 0.

3.2. Comparison of initial and optimized structure

Under the same boundary conditions of p, 0.01, 0.02,
0.03, 0.04, 0.05, and p, 0 MPa, the inner flow field of the
initial and optimized structure was simulated. The results
about g and C are shown in Table 6. g4 and C increase by
more than 210% and 190%, respectively.

In addition to the intuitive performance parameters, the
characteristics of the internal flow field also play a significant
role in water-fertilizer mixing uniformity and working
stability. The axial cross-section of three-dimensional sim-
ulation results is extracted. The pressure distribution dia-
gram and velocity streamline diagram can be obtained as
shown in Figs. 6 and 7.

Fig. 6a indicates that the negative pressure zone is
located in the throat section behind the suction port and
extends to the divergent segment. The minimum negative
pressure is concentrated on the pipe wall at the junction of
the throat section and the divergent segment. Extremely
uneven distribution of negative pressure may cause insta-
bility of fertilizer suction, even be unworkable. After opti-
mization, the negative pressure zone is distributed in the
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Table 6
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Performance comparison between the initial and optimized structure

p,(MPa) — p, (MPa) q (Lh™) € (%)
Initial Optimized Performance Initial Optimized Performance
structure structure improvement (%) structure structure improvement (%)

0.01 0 24.49 77.32 215.72 6.23 18.90 203.37

0.02 0 44.65 148.32 232.18 8.50 25.43 199.18

0.03 0 59.37 204.80 244.96 9.42 28.35 200.96

0.04 0 71.52 245.27 242.94 9.93 29.38 195.87

0.05 0 81.52 280.40 243.96 10.19 30.02 194.60

Pressure/Pa

(a)

Pressure/Pa
1.00E+05
6.14E+04
2.29E+04|

(b)

-1.57E+04
-5.43E+04
-9.29E+04
-1.31E+05
-1.70E+05

1.00E+05
H 810E+04 ‘
6.38E+04
4.56E+04 .
2.75E+04 .
938E+03 !
-8.75E+03
2.69F+04
-4.50E+04

Fig. 6. Pressure distribution of initial and optimized structure: (a) initial structure and (b) optimized structure.
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Fig. 7. Velocity streamline of initial and optimized structure: (a) initial structure and (b) optimized structure.

throat section behind suction ports evenly. The position of
minimum negative pressure moves forward and is concen-
trated on the pipe wall at the junction of the throat section
and suction ports as shown in Fig. 6b. In consequence, the
stability is improved and the start-up working pressure is
reduced.

Fig. 7a represents that there is a large vortex in the
lower part of the divergent segment and outlet section and

the fertilizer is mixed with water only in a small area at
the upper part of the divergent segment. The vortex results
in energy loss. Moreover, only a small amount of fertilizer
can be suctioned into the throat section. These phenom-
ena will affect the uniformity of fertilizer concentration.
Fig. 7b shows that the fertilizer is completely inhaled into
the throat section through the two suction ports. There are
only small vortexes near the pipe wall of the divergent
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Fig. 8. Prototype of Venturi injector: (a) initial structure and (b) optimized structure

segment. In the divergent segment, the water and fertilizer
are mixed sufficiently.

Compared with the initial structure, stability and uni-
formity are greatly improved after optimization. Under
the inlet pressure of less than 0.05 MPa, g and C increase by
an average of 235.95% and 198.80%, respectively. Because
the low inlet pressure enables the optimized Venturi injec-
tor to suction fertilizer for high-quality work, it is more
suitable for the low-pressure irrigation system. The opti-
mized prototype of the Venturi injector is fabricated
using 3D printing (Fig. 8b). The stiffeners are designed on
the outside of the throat section to enhance the strength
of the overall structure. The new Venturi injector can
complete the integrated water-fertilizer irrigation.

4. Conclusion

Instead of the experimental method, the CFD and
orthogonal test methods could reduce the fabrication cost,
installation and test time. Compared with the Venturi injec-
tor with only one suction port (inclination angle 90°), the
fertilizer suction discharge and mixing concentration of
the optimized structure were increased by 235.95% and
198.80%, respectively. The fertilizer mixing concentration
was up to 20%, so it ensured the fertilizer supply needed
by crops. In the inner flow field of optimized structure,
the negative pressure zone was distributed in the throat
section behind suction ports evenly and there were only
small vortexes near the pipe wall of the divergent seg-
ment. Hence the stability of suction fertilizer and the
uniformity of fertilizer mixing concentration were better.
The Venturi injector with double-suction ports (inclina-
tion angle 50°) had low working pressure to reduce the
energy demands of the irrigation system, so it was suitable
for a low-pressure irrigation system.

Symbols

D — Diameter of inlet and outlet, m
d — Diameter of throat section, m
n —  Numbers of the suction port

p —  Pressure of suction port, MPa
P, — Inlet pressure, MPa

P, —  Outlet pressure, MPa

—  Fertilizer suction discharge, L/h

— Inlet discharge, L/h

Outlet discharge, L/h

— Inlet radius, m

Reynolds number

—  Fluid velocity, m/s

— Convergence angle of contraction segment, °
— Expanding angle of the divergent segment, °
—  Throat length-diameter ratio

Fertilizer mixing concentration, %

—  Fluid dynamic viscosity, Pa-s

— Inclination angle of suction port, °

—  Contraction ratio of throat

—  Fluid kinematic viscosity, m*/s

—  Fluid density, kg/m?
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